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STUDY OBJECTIVES 
Replacing the lens of a human eye by an artificial intraocular lens (IOL), either during 
cataract surgery or for other medical reasons, restores clear vision. Approximately 14 million 
IOL units were sold globally in 2005, producing 1.28 billion USD in total revenues. An aging 
global population, newly developed IOLs, and growing worldwide access to advanced medical 
technology are expected to produce a very high annual growth rate over the next years.  
Efforts are being made on several fronts to develop even more advanced IOLs that mimic the 
natural lens, are injectable through a tiny incison, and restore accommodation. Today, 
technological developments with regard to phakic, accommodative, multifocal, adjustable and 
toric IOLs are being pursued along different tracks. The most immediate beneficiaries of new 
IOL designs are cataract patients seeking improved vision, thus eliminating the need to wear 
glasses. If these future IOLs perform according to expectation, cataract patients will experience 
significantly improved visual acuity and will be able to live without glasses. In order to 
surgically restore accommodation and to treat presbyopia, the process of accommodation and its 
loss in the aging eye must be understood. This is one objective of this contribution. 
One of the greatest challenges of ophthalmology, especially of cataract surgery, is the 
restoration of accommodation in presbyopic eyes. There have been various attempts at solving 
this problem in order to enable far and near vision without glasses. However, optical or 
mechanical concepts have a limited accommodative ability. So far, the results of scleral or 
corneal techniques are doubtful. Concepts focusing on improved artificial lens materials are 
most promising, but are still at a very early experimental stage. 
A completely satisfying approach to restoring accommodation still needs to be developed. 
Besides, there are considerable discrepancies between objective and subjective trials to evaluate 
the therapeutic success. A substantial biomechanical understanding of all structures and 
processes involved in accommodation as well as presbyopia are needed to develop promising 
new strategies. This contribution focuses on developing advanced imaging techniques (Ref. 
1,2,13,14, 17)A to create a basic understanding of accommodation and presbyopia (Ref. 3, 4, 6, 
7) and to evaluate existing concepts (Ref. 5,8-12,16) for restoring accommodation. Besides, the 
emphasis is also on replacing stiff presbyopic lenses by a material that imitates the young 
crystalline lens (Ref. 15). 
To achieve the objectives, our research focused on the following aspects:  
 Monitoring human ciliary muscle activity during accommodation 
 Three-dimensional description of the structure of the human zonula  
 Biomechanical modeling of the accommodative process 
 Experimental simulation of accommodation 
 Assessing accommodative biometric changes in phakic eyes 
 Assessing potentially accommodating IOLs 
 Drug-induced secondary cataract prevention in conjunction with lens refilling 
                                                     
A References 1-17 are found in the appendix and referred to in the text itself 
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INTRODUCTION
The eye as an optical instrument 
Vision is indisputably one of our most important sensesB. Impairment or loss of vision 
challenges the quality of lifeC. Besides, the visual system is extremely complex. Studies 
involving the eye therefore invariably cover various fields of science, including medicine, 
physics, pharmacology, and chemistry; a multidisciplinary approach is required in this context. 
The eye is part of the body, it can not be understood without knowing about anatomy and 
physiology1, not to forget chemistry and pharmacology2. The eye is an active optical instrument, 
its focusing ability (accommodation) cannot be understood without a background in physics, 
especially optics3,4. Fig. 1 shows Helmholtz’ eye model, as modified by Laurence. 
Retinal imaging is only one step of the visual process. The rod-and-cone system of the retina 
functions simultaneously to afford a kind of parallel processing; several pigments contribute to 
the cone reactions. Thus, the radiant energy of the incident light is transformed into electrical 
impulses that are passed on to the brain. The interaction of the retinal and neural processes is 
very complex and is currently being researched5-7.
Fig. 1: Helmholtz’ eye model as modified by Laurence3
                                                     
B »Das Auge war vor allen anderen das Organ, womit ich die Welt fasste.«, Johann Wolfgang von Goe-
the, Dichtung und Wahrheit [The eye, in particular, was the organ through which I understood the 
world.] Goethe, Facts and Fiction 
C »Das Auge gibt dem Körper Licht. Wenn dein Auge gesund ist, dann wird dein ganzer Körper hell sein. 
Wenn aber dein Auge krank ist, dann wird dein ganzer Körper finster sein.« [The eye gives light to the 
body. If your eye is healthy, then your entire body will be light. If, on the other hand, your eye is sick, 
then your whole body will be dark.] New Testament, Matthew 6,22-23 / Jesus: Sermon of the Mount 
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Human Accommodation and Presbyopia 
Accommodation is a dynamic process, defined as an optical change of the power of the eye8,9
originally described by Helmholtz in 1853D (Fig. 1). In the meantime, this theory has been 
confirmed by several authors10-12.
Fig. 2: Profile drawing of the lens in the accommodated and the unaccommodated state, respectively, 
according to Helmholtz’s hypothesis described in 1853. 
In a phakic eye of a young subject, contraction of the ciliary muscle moves the apex of the 
ciliary body to release at-rest zonular tension around the lens equator. Configuration changes of 
the ciliary muscle are shown in Fig. 14 as well as Refs. 2-4 and 6. These changes, together with 
the elastic lens capsule, allow the lens to assume the accommodative state9,10.
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Fig. 3: Changes in anterior chamber depth and posterior lens pole position (measured by partial 
coherence interferometry) in relation to the refractive changes (measured with a Hartinger coincidence 
refractometer) of a 27-year-old subject (pharmacologically induced accommodation with 2% pilocarpine, 
negative values represent an anterior shift). Unpublished data. 
During accommodation, the lens shows a decrease in equatorial diameter and an increase in 
axial thickness, associated with an anterior and posterior increase of the lens curvature13-15.
These changes in lens thickness decrease the anterior chamber depth while increasing the 
                                                     
D »Ich halte es deshalb für wahrscheinlich, dass die Linse ihre Gestalt ändert, und beim Sehen in die Nähe 
nach vorn convexer wird. «, [I therefore consider it likely that the lens changes its shape, becoming mo-
re convex in front during near vision.] Bericht über die zur Bekanntmachung geeigneten Verhandlun-
gen der Königl. Preus. Akademie der Wissenschaften zu Berlin [report on the publishable arguments of 
the Royal Prussian Academy of Sciences in Berlin] in the month of February, 1853 
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anterior segment length14-16. The optical power of the eye increases with the increasing lens 
surface curvature (see Figs. 3 and 4). 
Presbyopia is loss of accommodation with age, an effect that has been attributed to alterations 
of the posterior attachment of the ciliary body17,18, Young’s modulus19,20, and the geometry of 
the lens21, respectively. Lens hardening is the generally accepted key factor of age-related loss 
of accommodation.  
Concepts of Restoring Accommodation 
During cataract surgery, an intraocular lens is implanted in the capsular bag. Despite 
excellent restoration of visual acuity and biocompatibility, no accommodation is detected in 
pseudophakic eyes, as the IOL optics change neither shape nor position in any way.  
To restore accommodation in the human eye, the physiology of the accommodative structures 
must remain viable. Any residual activity needs to be utilized in order to design an implant to 
restore the accommodative ability.  
Various attempts have been made to solve or bypass this problem:  
 Monovision to correct presbyopia22
 Multifocal vision to correct presbyopia (lens-based23,24, corneal25)
 Laser treatment of the lens contents26,27
 Scleral expansion procedures28,29
 Accommodative intraocular lenses30
- Single optic IOLs with flexible haptic support 
- Dual optic IOLs 
- Deformable Accommodating IOLs 
- Cubic optical elements (Alvarez principle)31
 Refilling the empty lens capsule (lens refilling, Phakoersatz)32-36
 Mechatronic concepts
These different attempts have met with varying success. Monovision is not physiological. 
Optical or mechanical concepts afford limited accommodative ability. Scleral or corneal 
concepts show doubtful results. Artificial lens material concepts are the most promising 
strategies, but they are still at a very early experimental stage. 
All in all, todays’ ophthalmologists have very limited means of helping their patients live 
without reading glasses. The list includes monovision, multifocality, and IOLs with flexible 
haptic support. Some techniques are associated with certain side effects in terms of contrast 
sensitivity. It is still impossible with these techniques to offer patients complete restoration of 
the accommodative eye function. 
Accommodation and Pseudoaccommodation 
Accommodation is a dynamic process, defined as optical change of the power of the eye. It is 
not the ability of distance-corrected eyes to have good near vision. The term 
pseudoaccommodation refers to the achievement of functional near vision in distance-corrected 
presbyopic eyes through nonaccommodating methods. These methods include multifocality, 
monovision, increased depth of field due to pupil size, and ocular aberrations. 
Pseudoaccommodation can provide functional near vision in a distance-corrected eye without 
effecting any physical changes in the refractive power of the eye. Objective methods distinguish 
true accommodative optical changes from pseudohakic effects that tend to improve near vision 
without accommodation. 
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The forward shift of so-called accommodative IOLs - such as the CrystalensTM - during 
accommodation is supposedly initiated by an increase in vitreous pressure as a result of mass 
redistribution during ciliary muscle contraction, as postulated by Coleman37. For example, the 
inventor claims that this lens38 achieves excellent uncorrected far and near visual acuity on the 
basis of subjective evaluation methods. However, the validity of psychophysical methods of 
establishing true pseudophakic accommodation by optic shifts of accommodating IOLs is 
questionable because it depends mainly on depth of focus or pseudoaccommodation. The latter, 
in turn, correlates with numerous parameters, such as pupil size, astigmatism, and multifocality. 
The basic necessity for objective methods to assess IOL shifts or haptic angulation during 
ciliary muscle contraction is obvious. Objective accommodation measuring techniques39 are 
certainly available. These include stimulating accommodation with trial lenses or pilocarpine 
and measuring the accommodative response with an objective optometer (Hartinger coincidence 
refractometer), partial coherence interferometry (AC-Master, Zeiss), or HF ultrasound. 
METHODS
This chapter describes several techniques that were developed or were helpful in conjunction 
with this study. 
Ultrasound in Ophthalmology 
Ref. 17 contains a detailed overview about the history, the techniques, new developments, 
and clinical applications. The A-scan and B-scan formats have become, and remain, the bases of 
ophthalmic biometric applications and diagnostic imaging, respectively. 
A-scans are displayed as a plot of echo amplitude along a single line. The distance to the 
tissue structure generating the echo can be determined by measuring the time interval between 
emission of the acoustic pulse and echo return. In 1957, Oksala and Lehtinen published a series 
of fundamental articles on the ophthalmic A-mode diagnostic method40-42. This method was 
further developed, especially in Europe43, and was complemented by the diagnosis of orbital 
processes as well as biometry44. By the mid-1970s, ultrasound technology allowed the 
determination of the axial length in a clinical setting. This, in combination with corneal 
curvature measurements, gave rise to IOL power equations, several of which were proposed at 
that time. Currently, optical interferometry provides an alternative to ultrasound for the 
measurement of axial length. Optical techniques, while very accurate, cannot be used in the 
presence of opacities such as dense cataract. 
The B-scan is a two-dimensional cross-sectional image created by mechanically sweeping the 
directional transducer axis around, covering an angle of typically 50 to 60º. G. Baum and J. 
Greenwood introduced their two-dimensional B-mode to ophthalmology45. Bronson46 developed 
a hand-held contact B-mode transducer. This was the beginning of a sudden explosion of 
echographic diagnostic methods in ophthalmology. The real-time examination allows the 
evaluation of retinal detachment as well as vitreous membranes and makes it possible to 
visualize the pulsation of vessels in tumors. 
In the early 1990s, ultrasound systems operating at 35–50MHz became available and were 
used for imaging the anterior segment of the eye, consisting of the cornea, the iris, the anterior 
chamber, the ciliary body, and the lens. Owing to the fact that attainable axial resolution is 
inversely related to the frequency, these systems provided a four- or five-fold improvement in 
resolution relative to the 10MHz scanners that had been used up until then. Since the first 
publication by Pavlin, Sherar, and Foster47 on "subsurface ultrasound microscopic imaging of 
the intact eye" based on ophthalmic HF ultrasound in 1990, the cutting edge of ultrasound 
technology has been reached, which is still unsurpassed in terms of high-resolution ultrasound 
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imaging. The first commercial instrument manufactured by Zeiss-Humphrey was an upshot of 
research performed by Pavlin and Foster; it became a popular tool to investigate the pathology 
of the anterior segment, such as glaucoma, tumors, and cysts of the iris and ciliary body, 
hypotony, hyphaema, and trauma. 
Fig. 4: A - Superimposition of cross-sections of the anterior segment during accommodation (gray) and 
disaccommodation (red), respectively; (Artemis-2, Ultralink). B – Superimposition of cross-sections for 
lens reconstruction (VuMax II, Sonomed). Unpublished data. 
Refractive surgery presently is benefiting from results obtained by Coleman, Silverman, and 
Reinstein, based on the fact that high-frequency ultrasound arc scanning allows anterior 
segment imaging without any anamorphic distortion48,49. The authors developed an arc-shaped 
scan geometry allowing them to maintain constant range and a normal angle of incidence on the 
corneal surface50. This technology is called Artemis-2 and is manufactured by Ultralink LLC. 
The Artemis-2 not only makes it possible to quantitatively analyze the cornea, but it also helps 
to visualize the entire anterior segment in one single scan and is therefore useful for the 
measurement of angle-to-angle and sulcus-to-sulcus dimensions (that are crucial for the proper 
sizing of phakic lens implants) in conjunction with refractive correction. Fig. 4 exemplifies 
anterior lens shapes during accommodation and disaccommodation. 
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It has long been appreciated that three-dimensional ultrasonic images can be obtained from 
an ordered series of scan planes. Iezzi51 first applied this technique to the anterior segment of 
the eye, which required considerable effort and ingenuity with regard to the instrumentation. 
Silverman49 characterized the ciliary body, including the state of the ciliary processes of rabbits 
and normal human subjects using 3D high-resolution ultrasound. At the author’s laboratory, an 
extension of the commercial Ultrasound Biomicroscope Model 840 (Humphrey Instruments, 
Carl Zeiss Group) was developed to obtain a user-friendly 3D- ultrasonic imaging system. In 
this case, 3D data sets consist of B-scan stacks of in-parallel planes with a defined distance 
between them. For 3D imaging, the computer-controlled scanning system moved the transducer 
perpendicularly (in z direction) to the B-scan plane (the xy plane) across the area being scanned. 
In conjunction with this movement, an additional miniature skid was mounted on the original 
linear motor of the UBM scanning device where the ultrasound transducer was attached. The 
video signal of the ultrasound unit was then digitized using a frame-grabber board (HaSoTec, 
Germany) synchronized with the z-motion control system. In other words, the z-movement is 
interrupted during image capturing and the image plane is oriented exactly perpendicularly to 
the z axis. AMIRA (TGS, San Diego, CA, USA) provides an interactive environment allowing 
features such as volume orientation for viewing planes and 3D perspectives, segmentation and 
determination of distances and surfaces. The modeling feature makes it possible to view 
anatomical structures in space and can be used for volume measurements. 
Fig. 5, showing the anterior segment with the ciliary body, illustrates an example of 3D 
imaging. Several publications describe ex-vitro and in-vivo applications of these instruments52-58
(Ref. 1-6,8,10). The investigations focus primarily on accommodation studies and the 
evaluation of so-called accommodative lenses. 
lens Ciliary body
zonula
Ciliary body
sclera
iris
zonula
Fig. 5: 3D reconstruction of the human ciliary body (anterior segment viewed from behind). 
Accommodation Measurement 
The static accommodation response can be measured using a Hartinger coincidence 
refractometer (Fig. 6). This instrument is based on the Scheiner principle59. It requires 
subjective vernier alignment by the examiner but is totally objective with respect to the subject 
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and accurate to within 0.25 D39. The Hartinger is ideally suited to measure through small pupils 
larger than 2.0 mm in diameter. Negative-power trial lenses and pilocarpine can be used to 
subjectively and objectively stimulate accommodation when it is measured with the Hartinger. 
This instrument has been widely used to measure accommodation stimulated in a variety of 
ways in animals10,11,60,61and humans39,62,62. As shown in Fig. 7, this device was used on lens-
refilled rabbit eyes in conjunction with a 2005 Rostock trial. 
Dynamic accommodation can be measured using an infrared optometer, which operates 
according to the principle of a clinical retinoscope to measure the refractive power of the eye. 
Fig. 6: Hartinger coincidence refractometer and the Scheiner principle. Above illustration shows a subject 
focused at F and viewing the target to align A. A prism placed at the upper half of target A gives rise to 
multiple light beams that are projected trough two pinholes. Two horizontal images are formed on the 
retina, as shown in the aligned target below. When A is shifted until it coincides with F, the two images 
are vertically aligned. The dial corresponding to the position of A provides a measure of the 
accommodation response that is accurate to within 0.25 D. 
Fig. 7: Hartinger coincidence refractometer equipped with a CCD camera for rabbit experiments. 
Experimental setup (A), dial and aligned target in a rabbit eye, 12 weeks after lens refilling surgery (B). 
Accommodation Simulation Device 
The technique of mechanically stretching the lens to simulate accommodation can, of course, 
never precisely reflect the natural accommodation mechanism in the human eye. The results, 
however, may be used to design meaningful animal experiments. 
Computer-controlled stretching devices were developed based on previous designs by Fisher, 
Glasser, Campbell, and Parel. Two designs devised in Rostock are shown in Figs. 8 and 9. 
Circumferential stretching is created by a stepper motor coupled to a digital outside micrometer 
for linear displacement and distance measurements. The instrument depicted in Fig. 9 is 
designed to measure the mechanical and optical properties of human donor lenses and refilled 
lenses.
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The design shown in Fig. 8 was developed to investigate the performance of accommodative 
IOLs in an in authors laboratory developed artificial capsular bag. An IOL can be implanted in 
this capsular bag to simulate the accommodative process. The artificial capsular bag is shown in 
Fig. 7A. The main properties are summarized in Table 1. 
Material Nusil (Silicon Technology, France)
Equatorial internal diameter  9.5 mm
Capsular skin thickness 
Posterior  0.06 mm
Anterior  0.1 mm
Ring dimension  15.0 mm
Rhexis diameter  5.5 mm
Young’s Modulus 0.25 MPa
Table1: Properties of the in-vitro capsular bag model (source: Ref. 8) 
In order to analyze IOL performance, the artificial capsular bag is mounted in a simulation 
device (see Fig 8C). The arms of the fixture clamp the bag around its periphery, actually 
holding it at eight points. Rotation of the inner ring stretches or relaxes the bag. Inner ring 
rotation is accomplished by a stepping motor driving a worm gear. The amount of stretching 
correlates with the rotation of the inner ring. The entire arrangement is submerged in water for 
sonographic imaging. This device was used for the investigation of two commercially available 
IOL designs (AT45 and 1CU) published in Ref. 8 and 10. 
Fig. 8: A, B) Artificial capsular bag and C) stretching accommodation simulation device to investigate 
accommodative IOLs. The rotation of the inner ring with pins (indicated in image C) shifts the arms and 
stretches or relaxes the bag to simulate the force effects of the ciliary muscle. The 1CU IOL is implanted.
Fig.9: Second design of a stretching device based on previous designs by Fisher, Glasser, Campbell, and 
Parel
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Scheimpflug Imaging 
Scheimpflug systems are named after the inventor of the underlying optical principle, 
Theodor Scheimpflug, an Austrian general. This technique was patented in 1904. T. 
Scheimpflug invented the principle for adaptation in photographic cameras in order to take 
landscape photographs. Since then, the principle has been used in various contexts in 
conjunction with photography, especially to obtain a large depth of field. 
In 1970, the first system for ophthalmic Scheimpflug imaging was developed based on results 
obtained by O. Hockwin. Mayer63,64, for instance, published a detailed description of the 
Scheimpflug principle as used in ophthalmology. Since the first experiments with conventional 
photography, many researchers have applied digital imaging processing techniques to correct 
the images and to construct models of accommodation65-67.
A new commercially available device (Pentacam, Oculus (Germany)) modeled on the 
Scheimpflug principle may be utilized for 3D imaging. While measuring and recording 
sectional images , the CCD camera rotates and provides sectional planes from the three spatial 
planes. The obtained measurements are then used to calculate a 3D model from which the 
anterior chamber depth, corneal pachymetry, and chamber angle can be computed. 
In addition to its standard use in conjunction with human eyes, this instrument is also very 
useful for imaging the anterior segment in animal eyes (see Fig. 10), as it eliminates the need for 
interaction with the subject.
Fig. 10: Scheimpflug images of the anterior segment of two rabbit eyes after “lens refilling”, University 
of Rostock. Unpublished data. 
Partial Coherence Interferometry 
In the past few years, ultrasound has played a decisive role in the biometry of the anterior 
segment. Today there are various non-contact methods available. These are discussed in greater 
detail later in this text. 
The highest axial resolution is achieved by partial coherence interferometry. The measuring 
principle in this case is derived from partially coherent interferometry and is implemented in an 
experimental device (AC-Master, Carl Zeiss Meditec (Germany)). A short coherence infrared 
laser beam is emitted by a luminescent diode and separated into two partial rays with different 
optical path lengths using a Michelson interferometer68. These partial rays are reflected onto 
different intraocular structures. An interference signal occurs and is recorded if the path 
difference between the partial rays is smaller than the coherence length. This instrument makes 
it possible to measure not only the anterior chamber depth but also the corneal and lens 
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thicknesses, measurements being obtained precisely along the optical axis69,70. For this purpose, 
the four Purkinje images resulting from reflection at the interfaces of the cornea and lens must 
be superimposed in conjunction with the measurement. During the examination the patient 
focuses on a mobile target inside the AC-Master, thus making it possible to superimpose the 
Purkinje images. A setup for simultaneously measuring the refraction (Hartinger) and the 
anterior segment biometry (AC Master) is given in Fig. 11. 
Fig. 11: Setup for simultaneously measuring the refraction (Hartinger) and the anterior segment biometry 
(AC Master) with a semitransparent mirror (left). The initial results are displayed on the right.
It should be pointed out that the IOL-Master (Carl Zeiss Meditec, Germany) uses PCI for 
axial length measurements but does not use partially coherent interferometry for measuring the 
anterior chamber depth (ACD). The ACD is measured by obtaining an “optical section” through 
the anterior chamber by means of a slit illumination system with subsequent image evaluation. 
The right eye is illuminated from the right-hand side, the left eye from the left. Measurements 
are obtained by image evaluation, illuminating the image at an angle of 30° relative to the 
optical axis. The standard biometrical anterior chamber depth is measured. Anatomically 
speaking, this is the anterior chamber depth plus the corneal thickness.  
Anterior Segment Biometry 
The exact measurement of the anterior chamber depth is of major importance in order to 
determine the actual position of the lens. This is of particular interest in conjunction with the 
assessment of accommodation-induced configurational changes of the phakic eye as well as 
potentially accommodative intraocular lenses based on the axial shift principle. Various 
intraocular lenses of this type were developed in recent years. Numerous studies focused on 
elucidating the accommodative ability of these lenses by measuring the anterior chamber 
depth71-76. A variety of methods were used, such as the IOLMaster77, Orbscan78, AC- Master73-76,
and the ultrasound technique78. Owing to this fact alone, different documented results are 
obtained on comparison of these studies79,80.
In order to find out whether and in how far these methods are comparable in the first place, it 
is important to be aware of the optical interfaces detected by each approach, as well as the 
corrective factors utilized by the manufacturer specifically for the instrument in question as well 
as the pertinent technique. 
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Numerical Modeling of Accommodation 
An understanding of lens changes during accommodation is fundamental for the development 
of these new generations of intraocular lenses for the treatment of presbyopia. Recently, 
attempts have been made to investigate human accommodation using numerical methods to 
model the optical performance of the eye. Significant studies were carried out using very simple 
models37,81,82, while others used more complex models involving computer-aided design in 
combination with finite-element simulations83-85.
Numerical modeling of biomechanical processes can, in general, lead to a better 
understanding of the processes being modeled. The sensitivity of the model with regard to the 
geometry as well as material properties can be quantified and used to fit experimental data. 
Numerical modeling, however, depends on the accuracy and quality of the data used in 
constructing the model. The material properties, the geometry, and the boundary condition 
assumptions are of particular importance. Thus, in creating a biomechanical model of the human 
accommodative system, the lens nucleus, the lens cortex, the lens capsule, the ciliary body, and 
the zonular fibers along with their geometrical and mechanical properties (e.g. Young’s 
modulus, refraction index, stiffness) all have to be considered. Publications providing such data 
are few and far between, and there is very limited empirical information available on the 
required geometrical and material properties 83,84,86,87.
RESULTS AND DISCUSSION 
This chapter presents the results in condensed form. For a better understanding, the results are 
discussed in their context here instead of a separate chapter. 
Three-Dimensional Ultrasound Biomicroscopy to Study Accommodation 
Ultrasound biomicroscopy has proven an important tool for investigating anterior segment 
structures with high spatial resolution. The first two-dimensional UBM investigations of the 
ciliary muscle in different accommodative states have been published88-91. The main problem 
and the primary source of error associated with two-dimensional ultrasonic imaging of the 
ciliary muscle in different states of accommodation lies in the dynamics of the accommodative 
process as well as the presence of the ciliary processes. These processes prevent precise 
quantification of the accommodative ciliary muscle changes. Additionally, differentiation is 
necessary to compare identical ciliary body sections. A 3D image analysis is necessary. 
There is no commercially available device today for 3D high frequency ultrasonic imaging. 
The authors’ laboratory developed a prototype scanning system for 3D imaging based on the 
Zeiss-Humphrey instrument into a user friendly 3D- ultrasonic imaging system. These systems, 
which generate high-resolution images, allowed the acquisition of scans in a series of ordered 
planes, ultimately affording 3-D images55,57,58. This principle is described in the publications 2 
to 4. As an example, Fig. 12 shows an image of the anterior segment with the ciliary body and 
the zonula ciliaris. We will also show how to use this 3D technique in clinical routine work 
(Ref. 1) and to study the quantification of ciliary body function during accommodation (Refs. 2-
4, 8, 10). 
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Fig. 12: Typical 3D-UBM sections across the human ciliary body. A section across the ciliary muscle 
with ciliary processes is shown in a, while only the ciliary muscle can be seen in the section depicted in b. 
Images d and e are the transverse sections marked in c. Zonular groups with differing orientations are 
marked ( , ), Ref. 6
3D Ultrasound Biomicroscopy in Clinical Routine Work 
Clinical UBM proves to be a highly powerful tool for the diagnosis of ocular diseases92. It has 
been used to investigate anatomical correlations with a variety of disorders, including anterior 
segment tumors, cysts, plateau iris, malignant glaucoma, and pigment dispersion syndrome. 
Reference 1 shows the application of our developed technique for 3D imaging and points out 
the clinical benefit of this method in selected clinical cases. We demonstrated its value in three 
cases: zonulolysis after contusio bulbi, an iris tumor, and iris–ciliary body cysts; and we arrived 
at the conclusion that 3D UBM of the anterior eye segment provides clinically useful 
information regarding the size, the progress and the site of the existing pathology. 
Monitoring Ciliary Muscle Activity During Accommodation 
The mechanisms of human accommodation and the pathophysiology of presbyopia have been 
debated with surprising passion for nearly two centuries. Today we have two major approaches 
to intraocular presbyopia correction: first of all, attempts to develop accommodative IOL 
implants and, secondly, attempts at surgical restoration of accommodation. Before an artificial 
device to replace the lens can be developed, however, the influence of the aging ciliary muscle 
must be determined. 
Table 2 provides an overview of studies concerning accommodation in human and monkey 
eyes. A variety of theories have been published and the question is all but settled. In general, 
many investigators agree with the Helmholtz explanation of accommodation9.
While techniques for cataract surgery are constantly being improved, the exact 
accommodative mechanism and the cause of presbyopia remain to be elucidated. The possibility 
of surgical recovery of the power of accommodation makes it particularly interesting to study 
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accommodatively induced reactions. Besides, competitive hypotheses regarding the genesis of 
presbyopia, regression in accommodative amplitude caused by altered lens material properties 
as opposed to changed neuromuscular excitability, or contractibility of the ciliary muscle / the 
zonular fibers are still a matter of ongoing debate. The elusive details of the accommodative 
mechanism may primarily be attributed to the fact that direct observation of the ciliary muscle 
(see Fig. 13), due to its position behind the iris diaphragm, is very difficult. Observing the 
movement of the ciliary processes during accommodation, for instance by using a Scheimpflug 
camera, should not tempt us to conclude that the ciliary muscle necessarily also initiates this 
movement. It is possible to circumstantiate the ciliary muscle function using 3D-UBM (Ref. 2-
4).
Study Years Method Specimens Ciliary muscle function 
Stachs93 2002 UBM 10 persons 20-70 years 
present with age-related 
decrease
Glasser12 2001 UBM, Video Monkeys present 
Bacskulin88 2000 UBM 105 persons 10-91 years present 
Strenk94 1999 MRI 25 persons 22-83years present 
Bacskulin89 1996 UBM 10 persons 54-86 years partially present 
Kalman95 1993 Video 4 persons 16-48 years present 
Neider67 1990 Video 14 monkeys 1-24 years 
present with age-related 
decrease
Lütjen-
Drecoll 96,97 1988 Morphological study 
44 monkeys 
0-35 years muscle & nerve degeneration 
Fischer98 1977 Model calculations 27 persons 15-55 years present 
Swegmark99 1969 Impedance cyclography 
Persons 
up to 60 
years of age 
present 
Table 2: Some of the studies concerning ciliary muscle activity published between 1996 and 2002 
Fig. 13: The human ciliary body with the ciliary muscle (CM) and the ciliar processes (CP)
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The possibility of differentiating between ciliary muscle sections with and without ciliary 
processes, respectively, proved that the muscle, during accommodation, effects a certain 
displacement in direction of the lens. The configurational differences of the muscle during 
accommodation and disaccommodation can be analyzed by contour recognition based on 
characteristic 2D parameters. Our investigations (Ref. 3) revealed significantly changing muscle 
configurations as well as changing characteristic positions on the ciliary muscle, demonstrating 
that this method allows in-vivo investigation and documentation of accommodative 
configurational changes of the ciliary muscle (Fig. 14). We have found a shift of the ciliary 
muscle center of gravity, which is a parameter reflecting the entire muscle contour in the 
direction of the lens equator. Values of this shift range between 0.04 and 0.26 mm, with a 
certain degree of individual variation and slightly decreasing tendency with age. This shift is 
diminished with increasing age, but it never disappears entirely. A certain degree of ciliary 
muscle activity is observed in young individuals as well as in those of presbyopic age. This 
muscle movement is less distinctive than muscle movements including ciliary processes; a fact 
that supports Hess and Fincham’s early statements to the effect that the ciliary processes move 
in the direction of the lens during accommodation. This view was confirmed by Neider and 
Glasser, who studied iridectomized monkey eyes. 
Fig. 14: Comparison of ciliary body contours during accommodation and disaccommodation, 
respectively (pharmacologically induced using 2% pilocarpine and 1% cyclopentolate). Accommodation 
shifts the ciliary muscle center of  gravity toward the lens equator  (ciliary muscle: red – 
disaccommodation, blue – disaccommodation; ciliary muscle with ciliary processes: black - 
accommodation, white – accommodation; (Pf center of gravity, Pv anterior contour point, Pu lower 
contour point)) (sources: Ref. 2-4). 
Schachar100, on the other hand, postulated that the valleculae of the ciliary body move away 
from the lens during accommodation. Our investigation published in Ref. 2-4 does not support 
Schachar’s observation. We show a flattening of the valleculae which cannot be interpreted as a 
centrifugal movement away from the lens. This is also confirmed by analyzing the movement of 
the ciliary body center of gravity, which is the parameter describing the entire contour change. 
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Biomechanical Modeling of Accommodation 
Our studies concerning the simulation of accommodation were to provide a more accurate 
description of the geometry and morphology of the zonula using three-dimensional ultrasound 
biomicroscopy and scanning electron microscopy to model the accommodative process. The 
results were published in Ref. 6. 
Existing models provide a highly simplified and idealized description of the zonular 
apparatus. They are generally based on the assumptions of Farnsworth and Shyne101,  suggesting 
that three groups of zonular fibers exist: anterior, central, and posterior ones, at a ratio of 6:3:1. 
The movement of the ciliary muscle during accommodation was investigated54,94, too, leading to 
the conclusion that there are age-related as well as inter-individual differences regarding the 
radius change of the ciliary body during accommodation. Very little information is available 
about the force exerted by the ciliary muscle on the zonular fibers. The position of the anchor 
point at the ciliary body of the zonular fibers is of particular importance with regard to the force 
transmission from the ciliary muscle to the lens. 
Human eyes were examined without invasive manipulation using a custom-made 3D 
ultrasonic imaging technique that allows scanning of features with a spatial resolution of 30 µm. 
Environmental and conventional scanning electron microscopy (SEM) provided information to 
complement the ultrasonic images for use in the development of an anatomically more correct 
finite-element model of the zonular structures. This data, along with the material properties of 
the ocular tissue structures, was used to construct an advanced geometric model for finite-
element simulation of the accommodative process. 
Ciliary processes and zonular structures were clearly separated by both the 3D-UBM and the 
SEM methods. It was found that fibers inserting on the anterior and posterior lens capsule 
emerge from the anterior of the ciliary body. Fibers emerging near the pars plana insert on the 
lens and the ciliary body. No X-shaped crossing fibers were found.  
This informative description of the accommodative apparatus, together with literature data, 
was used to construct numerical models of the human accommodative process. Thus, the 
models were based on the most up-to-date knowledge of the geometry and material properties 
of the tissue structures involved in accommodation. The FEM results indicate that a simplified 
model adequately describes the accommodative process under the given boundary conditions 
(Fig. 15). A more detailed zonular model produced comparable results. If numerical modeling is 
to be developed as a successfull approach to the investigation of presbyopia, then we will need 
high-quality experimental data (e.g., age-related mechanical and geometrical properties of the 
lens and zonules). 
Fig 15: Calculated variation of refractive power, equatorial lens radius change, and total reaction force of 
the ciliary muscle with ciliary body movement in a 29-year-old lens. Model 1 assumes three sets of 
zonular fibers with a single anchor point; model 2 assumes ten sets of zonular fibers with multiple 
anchoring points (source: Ref. 6) 
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Evaluation of the Axial Shift Principle 
IOLs were implanted in the capsular bag during cataract surgery. Despite excellent 
restoration of visual acuity and biocompatibility, these pseudophakic eyes show no 
accommodation, as the IOL optics alter neither their shape nor their position. Several attempts 
were made recently to achieve pseudophakic accommodation using different designs. The 
fundamental idea underlying all efforts to achieve potentially accommodating IOLs is to allow 
axial displacement of the IOL optics. The axial IOL movement induced by accommodation in 
human eyes has been quantified by ultrasound78 and by dual-beam partial coherence 
interferometry74-76. However, high-frequency ultrasound is the only tool available to visualize 
the IOL haptic geometry hidden behind the iris diaphragm. 
The first publication regarding this topic (Ref. 8) describes a trial where the described 
simulation device was used to study the IOL performance with an artificial capsular bag and a 
stretching device. The haptic region of the Akkommodative 1CU (HumanOptics AG) and 
CrystaLens AT-45 (Eyeonics Inc) was visualized in vitro in three dimensions. The simulation 
model revealed a maximum angulation change of 4.5° and 4.3° and a maximum forward shift of 
0.33 mm and 0.28 mm for the AT-45 and the 1CU, respectively. The in-vitro results were then 
used to describe the in-vivo status of patients with accommodative implants (Ref. 8 and 10). In 
vivo, a change in haptic angulation <10° and a maximum forward shift of 0.50 mm were 
observed for the 1CU. These changes correspond to a theoretical approximate value of 0.50 
diopters.
Another subsequent investigation (Ref. 12) aimed at determining pseudophakic 
accommodation in subjects implanted with the accommodative Human Optics 1 CU intraocular 
lens after drug-induced ciliary muscle stimulation by measuring the objective refraction and the 
changes in anterior chamber depth in comparison with a PMMA intraocular lens with rigid 
haptics. The 1 CU accommodative intraocular lens and the PMMA intraocular lens were 
implanted in 15 eyes of patients with an expected visual acuity of at least 0.7. Objective 
refraction under pilocarpine-stimulated ciliary muscle contraction was determined with a 
Hartinger coincidence refractometer. The anterior chamber depth was measured with Jäger’s 
Haag–Streit slit-lamp attachment. The results reveal a mean anterior 1 CU shift of only 0.32 
mm, with a maximum of 0.9 mm. The accommodative amplitudes measured with the Hartinger 
coincidence refractometer (mean value 0.47 D) correspond to these values.  
We may conclude that the in-vitro mechanical performance of the investigated IOLs in these 
particular eyes does not appear to provide the range of accommodation that is needed for near 
vision. Results obtained with the AT 45 and the 1CU are discussed in detail in Ref. 8, 10, and 
12. Ref. 8 was awarded with the 2005 Troutman Award of the IRS/AAO.  
Evaluation of Biometric Methods of Measuring the Anterior Chamber 
Depth
Ref. 13 summarizes our observations regarding biometric methods of measuring the anterior 
chamber depth. 
Basically, all these methods permit non-contact biometry of phakic eyes. The four methods in 
question differed systematically in terms of the median values of the anterior chamber depth 
(Fig. 16). The Bland–Altman plots (Ref. 13) for the combined data demonstrate the systematic 
differences between these four methods. There are no proportional or magnitude-related errors. 
The Pentacam generally measured the highest values, while the IOL-Master obtained the lowest 
values, with the slit-lamp pachymeter by Jaeger and the AC-Master operating approximately 
halfway between these two instruments with regard to ACD measurements.  
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Fig 16: Box plots of the anterior chamber depths of 50 phakic eyes, measured with the slit-lamp 
pachymeter by Jaeger, the IOL-Master, the AC-Master, and the Pentacam, respectively. The graph shows 
the median values, the 25% and 75% quartiles, as well as the respective minimum and maximum values 
(source: Ref. 13).
The different physical measuring techniques and hence also instrument-specific corrective 
factors may possibly cause these systematic differences. Anterior chamber depth measurements 
with the IOL-Master are adapted to immersion ultrasound measurements by using corrective 
factors. In this context it should be noted that the IOL-Master does not use partial coherence 
interferometry, but employs a photographic technique to obtain ACD measurements instead. 
The AC-Master, which is based on partial coherence interferometry, utilizes the known 
refractive indices respectively the velocities of light in the ocular media at the relevant 
wavelengths. In this case, the values may be adapted to immersion ultrasound as well. 
Measurements with the Jaeger slit-lamp pachymeter are influenced by the corneal radius. Future 
identification of the optical interfaces detected by the various methods will be vital. It must be 
assumed, however, that the differences between the median and mean values obtained in this 
manner probably arise from the conversion of the original data. Basically, the velocity of light 
and sound in the respective ocular medium as well as their frequency distribution in the 
population, all of which need to be known, remain a challenge. Partial coherence interferometry 
involves measuring optical paths that are then converted into geometrical path lengths based on 
the refractive index. Ultrasound instruments, on the other hand, measure the transit time in the 
medium, and the geometric path is calculated via the sound velocity. The correlation with the 
results obtained in this context was not examined within the framework of this study.  
Further investigations will be needed to elucidate this question. However, some of the studies 
available at this time show that optical measuring techniques like that of the IOL-Master are as 
independent of the researcher as possible102. With the Jaeger slit-lamp pachymeter, on the other 
hand, a certain subjective factor cannot be ruled out. The type of measuring axis can also create 
a bias. The AC-Master obtains all measurements along the optical axis, while the other 
instruments utilize the visual axis instead. All of the instruments used in this context had 
different targets fixed at infinite distance. It might, nevertheless, be possible to conclude 
different states of accommodation and, hence, different anterior chamber depths. Future 
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investigations should, if possible, also involve pharmacological deactivation, or the non-
participating eye should focus on a fixed target which does not move. 
With regard to reproducibility, it might be stated that the IOL-Master, the Pentacam and, 
above all, the AC-Master are very precise instruments for measuring the anterior chamber 
depth. Measurements with the AC-Master display by far the smallest standard deviation and are 
therefore highly reproducible. As an analog optical measuring method, the Jaeger slit-lamp 
pachymeter obtains the least reproducible results. 
To summarize matters, our investigations show relatively large systematic deviations of the 
median of the empirically determined anterior chamber depths. This effect should be considered 
whenever anterior chamber measurements obtained by different techniques are to be compared. 
Anterior chamber depth measurements obtained with the IOL Master and the Pentacam require 
a relatively short learning curve and relatively little time. The slit-lamp pachymeter by Jaeger 
displays the lowest reproducibility and requires a certain degree of practice. The AC-Master 
necessitates a relatively high level of experience in the handling of the instrument and also calls 
for a high degree of patient compliance. This method benefits from its high precision as well as 
the fact that measurements are obtained along the optical axis.
Injectable Accommodative Lenses 
The concept of replacing the stiff presbyopic lens with a material imitating the young 
crystalline lens is not a new one. A variety of pertinent publications are available. 
Study Specimens Refilling material 
Kessler103 Cadaver and rabbit Immersion oil, silicone fluids, silastics 
Agarwal104 - Silicone elastomer 
Parel105 Cadaver, cat, rabbit, monkey Divinylmethylcyclosiloxane 
Nishi33,106-108 Rabbit Polymethyldisiloxane liquids 
Stachs109 Rabbit Polymer silicone material 
Hettlich34,110,111 Rabbit Monomer mixture (photopolymerization) 
Haefliger112,113 Monkey Silicone polymer gel 
Koopmans36,114 Monkey Polymer silicone material 
Ravi115,116 Porcine cadaver Polyethelene glycol-based hydrogels; acrylamide and bisacryloylhistamine-based hydrogels  
de Groot117 In vitro Isocyanate-crosslinked hydrogels derived from polyalcohols 
Han118 In vitro, rabbit Poloxamer hydrogel 
Table 3: Fundamental studies regarding lens refilling procedures 
In general, although each of the investigators (Table 3) successfully elucidated many of the 
ideal parameters, some major problems still remain: 
 Creating a microcapsulorrhexis: An injectable gel lens requires a robust capsule and therefore 
a very small capsulorrhexis (< 2 mm), which necessitates innovative micro-instrumentation 
as well as extensive surgical training. 
 Phacoemulsification through microcapsulorrhexis: Performing phacoemulsification through 
such a tiny capsulorrhexis presents a significant challenge. Although bimanual micro-incision 
techniques allow increasingly smaller incisions, performing the entire procedure through a 
sub 1 mm hole in the capsule requires an innovative approach. 
 Sealing the microcapsulorrhexis: Sealing the microcapsulorrhexis to prevent leakage from the 
bag is a challenge. 
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 Polymer biocompatibility: Whatever gel material is selected, its biocompatibility is still 
essential and must be reliably established. Many of the materials used in current IOL designs 
have passed years of biocompatibility testing. This was accomplished by relying on materials 
that are used in other parts of the body as well; however, given the unique requirements of 
injectable gels, this is unlikely.  
 Lens capsular volume variability: Lens capsular volumes vary widely among patients. In 
theory, only the optimum amount of gel allows the necessary changes in lens curvature. 
Controlling the injection of a gel with this much precision is a significant challenge. 
 Polymer refraction: Achieving the desired refraction is not so easy, either. IOL lens power 
requirements vary widely among patients and determining the optimal amount of gel required 
to achieve the required power correction is a challenge. 
 Preventing PCO: Finding a way to prevent PCO or ACO presents another significant 
challenge. With conventional IOLs, an Nd:YAG laser pulse can eliminate opacification; 
however, an injectable gel material would leak from the opening created with a laser. 
The major problem seems to be PCO development because of the lens epithelial cells found 
on the inside of the capsular bag after phacoemulsification. 
Opacification of the posterior capsule caused by postoperative proliferation of cells in the 
capsular bag remains the most frequent complication of cataract-intraocular lens surgery119,120.
In addition to classic posterior capsular opacification (PCO, secondary cataract, after cataract), 
postoperative lens epithelial cell proliferation is also involved in the pathogenesis of anterior 
capsular opacification/fibrosis (ACO) as well as interlenticular opacification (ILO)120-123.
Secondary cataract has been recognized since the origin of extracapsular cataract surgery and 
was noted by Ridley in conjunction with his very first IOL implantations124,125. This 
phenomenon was particularly common and severe in the early days of IOL surgery, when the 
importance of cortical cleanup was less appreciated. Through the 1980s and early 1990s, the 
incidence of PCO ranged between 25% and 50%126,127. PCO is a major problem in pediatric 
cataract surgery, where it occurs in almost 100% of all cases128.
One of the crowning achievements of modern cataract surgery is the gradual, almost 
unnoticed decrease of this complication. The literature at present shows that with modern 
techniques and IOLs, the expected rate of PCO and the subsequent Nd: YAG laser posterior 
capsulotomy rate is now less than 10% .  
There are a number of surgery-related and IOL-related factors to prevent posterior capsular 
opacification. Surgical factors include hydrodissection-enhanced cortical cleanup129, in-the-bag 
(capsular) fixation130, and the capsulorhexis edge on the IOL surface. Besides, there are 
basically three IOL-related factors to reduce PCO IOL biocompatibility126, maximum IOL 
optic-posterior capsular contact131,132, and the barrier effect of the IOL Optic133,134. But none of 
these techniques are suitable for lens refilling. 
Another approach to prevent PCO involves the intraocular application of pharmacological 
agents135,136. For the 1980s, numerous investigators like Weller and Rieck137,138 examined in cell 
culture studies the potential of pharmacological substances in order to successfully prevent 
LECs from proliferating and migrating. Pharmacologic agents that have been investigated 
include cytostatic drugs, such as 5-Fluorouracil139,140, Daunomycin137, Colchicine, 
Doxorubicin141, Mitomycin C139,142 , Methotrexate143 , anti-inflammatory substances, such as 
Dexamethasone144 and Diclofenac144,145 , calcium-channel blockers, such as Mibefradil 146 and 
immunological agents, such as Cyclosporine A147. In addition adhesion inhibitors148 and osmotic 
effective solutions 140 were tested. In several studies different drug delivery systems149-152 were 
investigated in order to provide a longer and more effective impact on LECs.  
The goal of the current study presented in paper 15 was to develop an ex vivo model by 
utilizing capsular rhexis specimens obtained during standard cataract surgery that can be tested 
for the ablation of LECs from the basal membrane. Since capsular rhexis specimens contain a 
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LEC layer on its natural substrate, the basal membrane, an effective cell ablation method 
established in the ex vivo model should also be effective in vivo. 
To test the suitability of the model to differentiate drug effects on LECs of the capsular bag 
three pharmacological compounds known for their antiproliferative activity, Disulfiram, 
Methotrexate and Actinomycin D were tested for their effect on LEC ablation. Disulfiram, 
chemically tetraethylthiuramdisulfide (TETD), and its primary metabolite 
diethyldithiocarbamate are known to have in vitro antiproliferative effects on tumor cells, and 
inhibit several enzymes and cell proteins by formation of a metal complex or by reaction with 
functional sulfhydryl-groups. In addition it has been shown that a topical ocular drug delivery 
system containing TETD has anticataract effects in vivo on selenite-treated rats.  
Methotrexate (MTX) is an antimetabolite drug used in treatment of cancer and autoimmune 
diseases. It acts by inhibiting the metabolism of folic acid. Based on research efforts in cancer 
chemotherapy, Hansen and co-workers143 have found that a conjugate of MTX with an antibody 
specific for basement membrane collagen in the lens capsule is an effective inhibitor of LEC 
outgrowth in cell culture. 
Actinomycin is any of a class of polypeptide antibiotics isolated from soil bacteria of the 
genus Streptomyces. As chemotherapeutic drug Actinomycin D (AM) intercalates into DNA, 
thereby interfering with the action of enzymes engaged in replication and transcription. 
Therefore it could be also an effective inhibitor of LEC viability.  
Our in-vitro results regarding PCO preventation are summarized and discussed in detail in 
Ref. 15. Cultured capsular rhexis specimens from standard cataract surgery were used for these 
experiments. For the evaluation of the cell inhibitory and detaching potential of drugs the 
culture medium was replaced by different drug solutions. The specimens were incubated with 
these solutions for 5 minutes. The model drugs Disulfiram, Methotrexate and Actinomycin D 
were dissolved in pure water or were embedded in the hyaluronic acid (HealonTM, AMO) in a 
drug concentration of 10µmol/l. After drug treatment the total number of residual cells on the 
surfaces of capsular rhexis specimens was assessed by use of microscopic methods. The 
residual viable and dead lens epithelial cells were differentiated by use of the Live-dead assay. 
Quantification of the lens epithelial cells was facilitated by staining with Hoechst-dye.  
In summary, an ex vivo model was established which allows for the differentiation of drug 
action on lens epithelial cell ablation from the basal membrane. To estimate the effectiveness of 
drugs it was necessary to determine the cell numbers of untreated capsular rhexis specimens. 
The Live-dead assay on untreated capsular rhexis specimens has shown 1361 +/- 482 viable 
cells/mm2. The treatment with Disulfiram, Methotrexate or Actinomycin D reduced the number 
of viable cells on capsular rhexis specimens drastically, because it ranges between 0.44 +/- 0.53 
% (6.0 +/- 7.3 cells/mm2) for Disulfiram, 0.27 +/-0.50 % (3.7 +/- 6.9 cells/mm2) for 
Methotrexate and 0.07 +/- 0.19 % (0.1 +/- 0.27 cells/mm2) for Actinomycin D. Of the three 
tested drugs Actinomycin D was slightly more potent in cell ablation than Disulfiram and 
Methotrexate.
Pure water is very effective with regard to in-vitro LEC cyclolysis and ablation. However, the 
in-vivo effectivity of pure water is known to be compromised by the diffusion of the body 
liquid, which is confirmed by our in-vivo observations of rabbit eyes. Fig. 17 shows rabbit eyes 
after lens refilling and pure water treatment (5 min) of the empty capsular bag in a study 
performed in Rostock. One month after surgery, the eyes were still clear, later to develop PCO 
three months postoperatively.  
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Fig. 17: Rabbit eye after lens refilling and capsular treatment with pure water, 1 month respectively 3 
months postoperatively. Unpublished data. 
A B
C D
Fig. 18: Slit-lamp photographs of an eye with a refilled lens treated for 5 min with viscoelastic solution 
(HealonTM, AMO) containing Actinomycin-D, obtained 9 (A,B) respectively 16 (C,D) months after 
surgery. No in-vivo leakage problems were observed. PCO and ACO were absent in all operated eyes. 
Unpublished data. 
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Fig. 19: Anterior chamber depth (ACD) and lens thickness (LT) of the refilled rabbit lenses from Fig. 18 
during a follow-up period of up to  80 weeks. Unpublished data. 
Based on the findings of paper 15 in several series of animal experiments, the empty capsular 
bag was exposed to a toxic Healon mixture for 5 min. After being 5 min treated with a 
viscoelastic solution (HealonTM, AMO) containing Actinomycin-D, rabbit eyes - during the 
follow-up period of more than 16 months – show basically no PCO development (Fig. 18). PCO 
and ACO are absent in these operated eyes. No leakage problems were observed in vivo. 
Anterior chamber depth and lens thickness are shown in Fig. 19. 
Another highly effective secondary cataract prevention technique involves treatment with a 
viscoelastic solution containing Methotrexate (MTX) and Actinomycin-D (AD). Up to 15 
months after surgery, none of the eyes treated with an MTX + AD / Healon mixture show PCO 
or ACO development. There is a slight PCO in the rhexis and equatorial area (Fig. 20). Quite 
the reverse is true – within 6 weeks after surgery, rabbit eyes without capsular bag treatment 
develop considerable, if not massive PCO. 
Fig. 20: Rabbit eye after lens refilling and capsular treatment with a viscoelastic solution containing D,L-
Methotrexate (MTX) and Actinomycin-D (AD). The images were obtained 15 months postoperatively 
(left) respectively 2 years postoperatively (right). Unpublished data. 
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Fig. 21: Confocal microscopic images of the endothelium with the natural lens (left); the refilled lens was 
imaged 20 months after surgery (right). There is no difference with regard to the shape, the number, and 
the distribution of corneal endothelial cells. Unpublished data. 
If the capsular bag is to be treated with a toxic agent, it is important to protect the corneal 
endothelium. In our rabbit experiments we used a viscoelastic agent (HealonTM, AMO) as a 
carrier substance. As an indicator for a safe capsular bag treatment was investigated the corneal 
endothelium using an in house developed in vivo confocal microscopic technique153. Fig. 21 
shows the endothelium in a natural rabbit eye respectively 20 months after lens refilling and 
MTX + AD tox treatment. Neither the shape nor the number and distribution of corneal 
endothelial cells had changed in any way preoperatively and postoperatively. 
In general, rabbit eyes – without capsular bag treatment - are prone to considerable PCO 
development shortly after cataract surgery. These trials, performed with viscoelastic solution 
containing Actinomycin-D or Actinomycin-D and D,L-Methotrexate, were a good starting point 
for further mammal experiments. Further investigations involving non-human primates are 
needed to validate these results. 
SUMMARY
These results suggest that accommodation can be restored and that new IOL designs, lens 
refilling techniques, or even entirely different approaches (e.g. mechatronic concepts, cubic 
optic elements) may improve lens performance and achieve clinical success in the future. We 
were able to demonstrate that the ciliary muscle remains active even at more advanced age. The 
results obtained by simulating accommodation based on our current knowledge of the pertinent 
biomechanical properties are compatible with Helmholtz’ theory of accommodation, and they 
correspond to the empirical observations. We were also able to demonstrate that mechanical 
concepts based on the axial shift principle have very limited accommodative ability. This is 
consistent with the meta-analysis of peer-reviewed publications about these lenses. Thus, 
successful new concepts can only be developed with a thorough biomechanical understanding 
of all accommodative structures and processes as well as presbyopia. Sine qua non for all 
concepts is the control of the PCO problem. 
Obviously, although subjective clinical results are important, objective methods really are 
essential to evaluate new design developments. A variety of instruments are available for 
objective accommodation measurements as well as mechanical performance. 
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To summarize matters, our study gave rise to the following conclusions: 
 In order to surgically restore accommodation so as to treat presbyopia, we need to fully 
understand the loss of accommodation in the aging eye. 
 When monitoring ciliary muscle activity, we need to differentiate between ciliary muscle 
sections with and without ciliary processes, respectively. 
 During pharmacologically stimulated accommodation, the ciliary muscle moves centripetally 
in the direction of the lens, covering a distance between 0.04 and 0.26 mm, depending on the 
age and the subject. 
 Accommodative ciliary muscle activity was observed even in presbyopic eyes, which goes to 
show that ciliary muscle activity is not the limiting factor in restoring accommodation. 
 Attempts at restoring accommodation should be based on Helmholtz’ theory of 
accommodation. 
 The physiological magnitude of the refractive power changes can be explained by 
mathematical simulation according to Helmholtz’ theory of accommodation. 
 Artificial devices to simulate accommodation, including ocular tissue relevant for 
accommodation, may help us understand and evaluate new accommodative implants. 
 To date, mechanical IOL concepts for so-called accommodative lenses have limited 
accommodative ability. 
 New artificial lens materials (for lens refilling) are promising but are still at an early 
experimental stage. 
 The capsular bag can be refilled with an artificial lens material, using a small opening. The 
capsular opacification problem, however, needs to be solved. 
 In order to understand whether accommodation is restored by an artificial device, we need to 
demonstrate objectively that the eye undergoes an active change in optical refracting power 
during accommodation.  
 In order to distinguish accommodation from pseudoaccommodation, we need objective 
methods to measure optical changes in refractive power or physical changes in the lens. 
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Abstract Purpose: The aim of this
study was to assess the benefit of the
three-dimensional ultrasound biomi-
croscopy in examination of the pos-
terior iris and ciliary body. 
Methods: Three-dimensional visuali-
sation of the anterior eye section was
achieved through extension of the
existing ultrasound biomicroscope
system (Humphrey Instruments). 
Visualisation of posterior iris and cil-
iary body pathologies in three pa-
tients was performed with a three-
dimensional reconstruction tech-
nique of B-scans. Results: The ex-
tended ultrasound system provided
three-dimensional visualisation of al-
terations of the posterior iris region,
i.e. iris cysts, ciliary body cysts and
solid tumours of the ciliary body and
iris. Conclusions: The three-dimen-
sional ultrasound biomicroscopy
yields extended diagnostic findings
regarding iris and ciliary body pa-
thology. This method offers an im-
proved assessment of the posterior
surface of the iris and the volume of
the ciliary body. Furthermore, these
data can be useful for procedures in
computer simulation and calculation
for a better understanding of the
function of the ciliary body in the ac-
commodation process.
Graefe’s Arch Clin Exp Ophthalmol
(2001) 239:968–971
DOI 10.1007/s004170100370
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Three-dimensional ultrasound findings 
of the posterior iris region
Introduction
Ultrasound is the most widely used non-optical diagnos-
tic tool for the imaging of the eye. Pavlin firstly de-
scribed high-resolution ultrasound biomicroscopy
(UBM) in 1990. The authors’ results of a series of clini-
cal cases have shown that this method can provide infor-
mation unavailable with any other imaging technique.
Thus, clinical UBM proved to be a tool with a significant
potential in diagnoses of ocular diseases [7].
The ultrasound biomicroscope (UBM) provides high
resolution and two-dimensional imaging of the anterior
segment. It has been used in investigations of anatomic
correlations of a variety of disorders, including anterior
segment tumours, cysts, plateau iris, malignant glaucoma
and pigment dispersion syndrome [1, 2, 5, 8, 9, 10, 11,
12]. The use of high-frequency transducers of ca.
50 MHz enabled high-resolution imaging of the anterior
eye segment. This eye segment is a special case where
attenuation by intervening tissue can be minimised by
application of a fluid-coupling medium between eye and
transducer.
Three-dimensional UBM was first described by Cole-
man et al. [3]. In this study we developed a new method
of 3 D UBM and the clinical benefit of this method was
demonstrated in a choice of clinical cases.
Patients and methods
Three patients of the University Eye Clinic Rostock were exam-
ined with the high-frequency UBM. One patient suffered from
contusio bulbi, while the other two had iris tumours. The equip-
ment and technique of the UBM have been described in detail
elsewhere [4, 6, 7]. A 50-MHz transducer that achieves a resolu-
tion of approximately 50 µm was used. The field of view on
screen is limited to 5×5 mm on the commercially available 
Humphrey unit. Eyecup immersion scanning was performed with
a frame rate of 8 Hz.
Scanning was performed under topical anaesthesia with the pa-
tient in supine position. An eyecup filled with methylcellulose and
A. Kirchhoff (✉) · O. Stachs · R. Guthoff
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Doberaner Strasse 140, 18057 Rostock,
Germany
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Tel.: +49-381-4948501
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saline solution was inserted between the eyelids. Using a standard
B-mode, the transducer was positioned at the centre of the ocular
segment concerned. For 3D imaging, the computer-controlled
scanning system moved the transducer at 90 deg to the plane of
the 8-Hz sector motion (xy-plane) over the eye (z-direction). For
this motion, a miniature skid was mounted on the 8-Hz scanning
device. The technical arrangement of the US probe is depicted in
Fig. 1.
The speed and distance adjustments of the z-motion are vari-
able. The video display of the ultrasound unit was digitised with
8 Hz using a framegrabber board (Hasotec Fg30) synchronised
with the motion control system. The acquisition time for a 3D se-
quence varied between 5 s and10 s; the latter should be the maxi-
mum time, considering movement by the patient and the examiner.
The motion control and data acquisition system was connected
with a SGI workstation via a local area network for 3D reconstruc-
tion using VoxelView (Vital Images, Fairfield, Iowa, USA). This
commercial volume-rendering software package provides an inter-
active environment allowing features such as volume orientation
for viewing planes and 3D perspectives, segmentation and deter-
mination of distances and surfaces. To process one 3D data set a
time of 30 min is necessary. The model-building feature allows the
outline of anatomic structures in space and can additionally be
used for volume measurements.
Case reports
Case 1
A 42-year-old woman with contusio bulbi was referred to the eye
hospital. Physical examination revealed fine scratches on the cor-
neal surface and a hyphema 1.5 mm high. Furthermore, a lesion of
the iris sphincter and a prolapse of the vitreous body into the ante-
rior chamber of the eye were observed. With the aid of 3D UBM,
a sharply marginated defect of the zonules of Zinn leading to the
prolapse of the vitreous body could be detected (Fig. 2). We de-
fined these zonules as the structures between the ciliary body and
the equator of the lens. Figure 3 shows the clinical situation after
the resorption of the hyphema. 
Case 2
A 27-year-old woman had a pigmented iris tumour at the base of
the iris without contact to the corneal endothelium. 3D UBM was
used to demonstrate tumour size and shape. These 3D images are
useful in the long-term follow-up to determine increases in tumour
volume and extent of tissue involvement. Figure 4 shows the clini-
cal appearance, and Fig. 5 shows the 3D images in two slices in a
variety of different planes. 
Fig. 1 The extended ultrasound biomicroscopy system – technical
arrangement of the US probe
Fig. 2 3D-reconstructed volume of the iris sphincter defect, zonu-
lolysis and prolapse of the vitreous body after contusio bulbi after
3D UBM
Fig. 3 Clinical pictures of a
patient with contusio bulbi and
traumatic iris sphincter defect
and prolapse of the vitreous
body
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Case 3
A 35-year-old woman had a non-pigmented iris tumour at the base
of the iris, in contact with the corneal endothelium. The finding
was positive on transillumination. Therefore, the patient was sus-
pected to have iris cysts. Using UBM, one large cyst could be
demonstrated in the conspicuous area. Moreover, multiple small
cysts were detected in the region of the iris and the ciliary body.
Three-dimensional reconstruction, as shown in Fig. 6, revealed a
precise visualisation of the cysts and their topographic relations
that made it possible to document these findings exactly.
Discussion
This report describes techniques we developed for non-
invasive characterisation of tissue microstructures by us-
ing high-frequency ultrasound, three-dimensional scan-
ning and image reconstruction.
High-frequency ultrasound provides an axial resolu-
tion of approximately 50 µm and a lateral resolution of
less than 100 µm in the focal plane. Through the design
of a miniature skid we added the ability to acquire multi-
Fig. 4 Clinical pictures of an
prominent iris naevus without
retrocorneal contact
Fig. 5 3D-reconstructed vol-
ume of the iris naevus in 3D
UBM and two different planes
of the digitalised volume
Fig. 6 A view into the volume
of cysts of the iris and ciliary
body in 3D UBM and the clini-
cal picture
3
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ple and parallel aligned slice images. The 2D sequential,
parallel sections were reconstructed into three-dimen-
sional voxel images. 
We demonstrated this improved method in three dif-
ferent circumstances: zonulolysis after contusio bulbi, an
iris tumour and iris–ciliary body cysts. In all cases, the
demonstration with 3D UBM of defects in deeper re-
gions of the eye was successfully performed. Regular
monitoring of the bulb tension was recommended in case
1, and repeat 3D UBM every 6 months in case 2 and
case 3.
We conclude that 3D UBM of the anterior eye seg-
ment provides clinically useful information regarding
size, extension and site of the existing pathology. Fur-
thermore, the expanded ultrasound system offers a non-
invasive means of obtaining data on the ciliary body re-
gion in three dimensions at high resolution. The three-di-
mensional UBM system is a useful diagnostic tool that
also allows volume measurement, distance spacing in
volume and two-dimensional images in any plane of 3D
volumes. The method improves diagnosis, monitoring
and treatment planning. Furthermore, the reported data
should be an useful tool for procedures in computer sim-
ulation and calculation to achieve a better understanding
of the function of the ciliary body in the accommodation
process.
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Abstract Background: Our objec-
tive was to develop a three-dimen-
sional high-resolution ultrasonic 
imaging technique to be utilized for
in-vivo characterization of the ciliary
body and the posterior iris. The ben-
efit of this imaging in enhancing the
quantification of the configurational
changes in the ciliary body during
accommodation is demonstrated.
Methods: Sequential ultrasound 
biomicroscopic images of the ciliary
body region were obtained with a
computer-controlled scanning device
designed for use with a standard 
ultrasound biomicroscope for 3D im-
aging. Custom-made software allows
online data collection, data analysis
and 3D reconstruction in conjunction
with commercially available Voxel-
View software. Results: The three-
dimensional presentation allows a
close approximation of the ciliary
muscle inside the ciliary body in 
vivo. We are able to distinguish and
to analyze the changes in the muscle
contour in different accommodation
states. During accommodation a shift
in the ciliary muscle center of gravi-
ty in a range of 0.04–0.26 mm (mean
0.13±0.06 mm) in the direction of
the lens equator, with an interindi-
vidual variation and a small decrease
with age, was observed. Conclu-
sions: High-resolution ultrasound is
a well established technique for in-
vivo investigation of the anterior
segment. Three-dimensional ultra-
sound biomicroscopy allows an 
assessment of the individual ciliary
muscle activity in consideration of
the ciliary processes. In combination
with a contour analysis tool we im-
proved the muscle contour determi-
nation during different accommoda-
tion states. The investigation showed
an activity of the ciliary muscle in
young volunteers as well as those of
presbyopic age.
Graefe’s Arch Clin Exp Ophthalmol
(2002) 240:906–912
DOI 10.1007/s00417-002-0551-2
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Monitoring accommodative ciliary muscle
function using three-dimensional ultrasound
Introduction
The mechanisms of human accommodation and the
pathophysiology of presbyopia have been debated with
surprising passion for nearly two centuries. Today there
exist two major forms of intraocular presbyopia correc-
tion: first, the attempts to create accommodative IOL im-
plants [28, 30] and second, to surgically restore accom-
modation [36]. Before the development of an artificial
accommodative lens-replacing material with accommo-
dative capabilities can become feasible, the influence of
the aging ciliary muscle must be determined.
In recent years various imaging techniques have been
developed to improve identification, characterization and
quantification of ophthalmologic diagnosis [17, 18, 22,
26]. Ultrasound biomicroscopy (UBM) has proven an
important tool for investigating anterior segment struc-
tures with high spatial resolution [23, 31, 32, 33].
The first two-dimensional UBM investigations of the
ciliary muscle in different accommodation states [4, 13,
20, 24] have been published. The main problem and
source of error associated with two-dimensional ultra-
sonic imaging of the ciliary muscle in different states of
accommodation lies in the dynamics of the accommoda-
O. Stachs (✉) · A. Kirchhoff · J. Stave
R. Guthoff
Department of Ophthalmology, 
University of Rostock, 
Doberaner Strasse 140, 18055 Rostock,
Germany
e-mail: oliver.stachs@med.uni-rostock.de
Tel.: +49-381-4948565
Fax: +49-381-4948502
H. Martin
Institute for Biomedical Engineering, 
University of Rostock, Rostock, Germany
T. Terwee
Pharmacia und Upjohn, Groningen, 
The Netherlands
20
907
tive process as well as the presence of the ciliary 
processes. The existence of the processes prevents pre-
cise quantification of the accommodative ciliary muscle
changes. Additionally, differentiation is necessary to
compare identical ciliary body sections.
It has long been appreciated that three-dimensional
(3D) ultrasonic images can be produced from an ordered
series of scan planes. This technique was first applied to
the anterior segment of the eye by Iezzi et al. [19] and
required considerable effort and ingenuity with regard to
apparatus [6, 9, 35]. Iezzi et al. used a scanning control
arm for a continuous z-movement and stored the data on
videotape for subsequent digitalization. Silverman et al.
[37] characterized the ciliary body including the state of
the ciliary processes of rabbits and normal human sub-
jects using 3D high-resolution ultrasound. There the
scanning system consist of two orthogonal linear stages
with a computer-controlled stepping motor.
In this paper a simple and low-cost extension of the
commercial Ultrasound Biomicroscope Model 840
(Humphrey Instruments, Carl Zeiss Group) into a user-
friendly 3D- ultrasonic imaging system is described.
Currently Paradigm Medical Industries is the manufac-
turer of the latest UBM generation. Furthermore, we will
show how we are using this 3D technique to study the
quantification of ciliary body function during accommo-
dation.
Materials and methods
The principle of the UBM has been described in detail previously
[32]. Iezzi et. al. and Coleman et. al. used a technique for 3D 
ultrasound [6, 9, 19, 35], whose application is already demonstrat-
ed [5, 29, 38, 39, 41].
In this study a 3D imaging method using an standard UBM in
combination with an 3D extension is used [21]. Here 3D data sets
consist of B-scan stacks of in-parallel planes with a defined 
distance between them. Patients were scanned with the ultrasound
probe coupled to the eye with Methocel (Ciba Vision) and a nor-
mal saline water bath. The examiner positioned the transducer in
the center of the ocular segment of interest using standard 
B-mode. For 3D imaging the computer-controlled scanning
system moved the transducer perpendicular (z-direction) to the 
B-scan plane (xy-plane) over the area being scanned. For this 
motion an additional miniature skid was mounted on the original
linear motor of the UBM scanning device where the ultrasound
transducer is attached (Fig. 1). Because of its weight it is not pos-
sible to attach also the drive of this skid. Therefore the skid is
powered from an external stepping motor via a Bowden wire. The
technical arrangement of the ultrasound probe is shown in Fig. 1.
The video signal of the ultrasound unit is digitized using a
frame-grabber board (HaSoTec, Germany) synchronized with the
z-motion control system. That means during image capturing the
z-movement is stopped and the image plane is exactly perpendicu-
lar to the z-axis. For the investigations presented here, 10 s acqui-
sition time with a scanning range of 2.5 mm was used for all 
subjects, which is thought to be the maximum considering patient
and examiner movements. Thus, all 3D scans have the same sam-
pling density. The original UBM raw data (256 scan lines  1024
samples per line, 256-level grayscale) pictured on the UBM dis-
play with 880440 pixels were converted into 440440 pixels
(256-level gray scale) during capturing by the frame grabber. No
degradation of the image quality is observable and the influence of
the conversion is negligible compared with the movement artifacts
and contour finding.
The motion control and data acquisition system is connected
with an SGI workstation via a local area network for 3D recon-
struction using VoxelView (Vital Images, Fairfield, Iowa, USA).
This commercial volume rendering software package provides 
an interactive environment allowing features such as volume ori-
entation for viewing planes and 3D perspectives, segmentation
and determination of distances and surfaces. The feature of model
building allows outlining of anatomic structures in space and can
be used for volume measurements.
Accommodative studies have been carried out using pharma-
cologically induced accommodation (pilocarpine 2%, left eye) or
disaccommodation (cyclopentolate 1%, right eye). The ciliary
body regions of 12 volunteers were scanned 30 min after pharma-
cological treatment, and for contour determination a differentia-
tion between sections with and without ciliary processes was made
using VoxelView. The configuration of the differently stimulated
ciliary bodies was analyzed using the following procedure for con-
tour determination. The respective positions of the scleral spur and
the ciliary muscular base were used to define a suitable coordinate
system for the pattern recognition system. In addition, the posteri-
or wall of the iris had to be differentiated from the neighboring
ciliary muscle. The ciliary muscle base was approximated as a pa-
rabola, while the posterior wall of the iris was approximated as a
straight line. The scleral spur served as an origin of coordinates
Fig. 1 Schematic representation of the modified ultrasound bio-
microscope (UBM) for three-dimensional imaging and the princi-
ple of data evaluation for ciliary muscle approximation
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and as a rotation center for the subsequent averaging of the indi-
vidual contours to afford a mean contour. Figure 2 shows the prin-
ciple of segmentation. The outer contour of the ciliary body was
found using a fixed threshold value in the gray-scale images. For
contour comparison ten comparable radial sections through the
ciliary body were selected, approximated and averaged. A com-
parison was made on the basis of the mean outer contour, and a
quantitative comparison was based on the defined 2D parameters
– the center of gravity of the surface Pf, the anterior contour point
Pv and the lower contour point Pu (Fig. 3). The contour-finding
procedures were carried out by one examiner for the whole study.
Using a sample image and five individual independent contour
findings the average error in the center of gravity is 3.3%. 
An example of quantification of the contour changes of the 
ciliary muscle during accommodation is shown in Fig. 3. The out-
er contours in accommodation and disaccommodation are shown,
as is the shift of defined characteristic contour points (center of
gravity Pf, anterior contour point Pv and lower contour point Pu).
Results
A 3D-UBM image of the anterior segment is given in
Fig. 4, depicting the ciliary body region of a normal vol-
unteer. The volumetric reconstruction shows the sclera,
cornea, iris and the ciliary body with ciliary processes.
The ciliary body is composed of two parts, the pars 
plicata and the pars plana. The pars plicata contains a 
series of about 70 radially oriented projections, the so-
called ciliary processes, and makes up the anterior 2 mm
of the ciliary body. The pars plana is contiguous with the
anterior pars plicata and the posterior choroid. In this
figure, the ciliary processes can clearly be differentiated.
Fig. 2 Ultrasound biomicroscopic sectional image of the ciliary
body extracted from a 3D data set. After manual marking of the
scleral spur, the posterior surface of the iris and the base of the cil-
iary body(blue), the outer contour of the ciliary body is approxi-
mated (yellow)
Fig. 3 An example of quantification of the contour changes of the
ciliary muscle during accommodation. The outer contour after su-
perposition and averaging of 10 individual contour approxima-
tions in accommodation (black) and disaccommodation (red) as
well as the defined characteristic contour points (Pf center of grav-
ity, Pv anterior contour point, Pu lower contour point) are shown
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In order to understand the accommodative mecha-
nism, precise information is needed regarding the config-
urational changes of the ciliary muscle during accommo-
dation. The main problem and the source of errors asso-
ciated with 2D ultrasonic imaging of the ciliary muscle
in various different states of accommodation lies in the
dynamics of the accommodative process as well as the
presence of the ciliary processes. The existence of these
ciliary processes prevents precise quantification of the
corresponding characteristics of the ciliary muscle. 
Figure 5 shows a UBM image of the ciliary body with
clearly differentiated regions of the ciliary muscle with
and without ciliary processes as well as corresponding
sections S, S1 and S2. Radial sections in neighboring po-
sitions, such as S1 and S2, reveal significant differences
with regard to the shape of the ciliary body. Two such 
radial sections through the ciliary body are shown in
Fig. 5 right. The difference between sections such as S1
and S2 may exceed the expected accommodatively
caused configurational changes of the muscle, since the
processes contribute only passively to the deformation,
thus preventing precise quantification of the correspond-
ing characteristics of the ciliary muscle [2, 3, 4, 12].
In this context, accommodative studies have been 
carried out. A 17-year-old volunteer in states of pharma-
cologically induced accommodation and of disaccommo-
dation was scanned using 3D-UBM. In an attempt at
quantitative calculation of the configurational changes, a
number of sections were selected from various regions of
the ciliary body: the ciliary muscle with ciliary process-
es, and only the ciliary muscle. In the next step, the aver-
age contour was approximated and the resulting changes
with regard to corresponding 2D parameters were ana-
lyzed. In Fig. 6 a contour comparison of the ciliary body
during accommodation and disaccommodation corre-
sponding to the slice positions S1 and S2 is shown. It
should be emphasized that by occurrence of an accom-
modation stimulus a configurational change of the entire
contours S1 and S2 is shown. Both in S1 (ciliary muscle
with ciliary processes) and S2 (ciliary muscle) a shift of
Pf, Pv and Pu in direction of the lens equator is observ-
able, whereby the displacement for S1 is larger than S2
(Table 1). 
For comparison of the ciliary muscle activity of
young volunteers and subjects of presbyopic age, the 
anterior segment of one subject in each of these age cate-
gories was scanned. For accommodation stimulus, scan-
ning and analysis the same procedure as described above
was used. A contour comparison of the ciliary muscle of
an young (34 years) and an old (71 years) volunteer, 
together with the changes of the muscle contour during
an accommodation stimulus, is shown in Fig. 7. In both
subjects activity of the ciliary muscle, i.e., a shift in the
ciliary muscle center of gravity Pf as well as anterior
Fig. 4 Reconstruction of the ciliary body region in vivo. Arrows
ciliary processes
Fig. 5 Different sections
across the human ciliary body
are shown. Depicted are sec-
tions in transverse direction (S)
across the ciliary muscle with
ciliary processes (S1) and only
the ciliary muscle (S2)
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point Pv and lower point Pu in the direction of the lens
equator, can be detected (Table 2). The displacement of
characteristic contour points in the young volunteer was
greater than in the old volunteer. It is of interest that the
investigations show activity of the ciliary muscle in
young volunteers as well as in presbyopic age. 
As a matter of principle, the contour points Pf, Pv and
Pu are able to specify and quantify the individual ciliary
muscle activity. The disadvantage is the need to analyze
a large number of parameters. In this respect, simplifica-
tion is necessary. As a parameter which describes the 
entire muscle contour, utilization of the displacement
vector of the center of gravity Pf is preferable. Figure 8
shows the absolute values of the displacement vector Pf
of the ciliary muscle center of gravity during accommo-
dation depending on the age of the volunteers. Values of
Pf ranged between 0.04 and 0.26 mm (mean
0.13±0.06 mm) with interindividual variation and a
small decrease with age.
Fig. 6 Contour comparison of the ciliary body during accommo-
dation and disaccommodation corresponding to the slice positions
S1 and S2 in Fig. 5. By occurrence of an accommodation stimulus
a shift of the contour points (Pf center of gravity, Pv anterior con-
tour point, Pu lower contour point) in direction to the lens equator
takes place. Ciliary muscle in disaccommodation (red) and accom-
modation (black); ciliary muscle with ciliary processes in disac-
commodation (blue) and accommodation (white)
Fig. 7 Contour comparison of the ciliary muscle of a young (age
34 years) and an old (71 years) volunteer as well as the changes in
the muscle contour during an accommodation stimulus. Young
subject in disaccommodation (red) and accommodation (black);
old subject in disaccommodation (blue) and accommodation
(white)
Fig. 8 The absolute value of the displacement vector of the ciliary
muscle center of gravity Pf during accommodation depending on
the age of the volunteer
Table 1 Shift (absolute value of the displacement vector) of the
characteristic contour points using ciliary muscle with ciliary pro-
cesses and ciliary muscle corresponding to the contour approxima-
tion in Fig. 6
Contour point Ciliary muscle with Ciliary muscle 
ciliary processes (S1) (S2)
Center of gravity Pf 0.26 mm 0.16 mm
Anterior contour point Pv 0.47 mm 0.33 mm
Lower contour point Pu 0.60 mm 0.51 mm
Table 2 Shift of the characteristic contour points during accom-
modation using the ciliary muscle of a young volunteer (age
34 years) and an old volunteer (age 71 years) corresponding to the
contour approximation in Fig. 7
Contour point Age of volunteers
34 years 71 years
Center of gravity Pf 0.17 mm 0.05 mm
Anterior contour point Pv 0.36 mm 0.18 mm
Lower contour point Pu 0.56 mm 0.28 mm
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Discussion
Accommodation has been the subject of scientific dis-
cussion for more than 100 years. A number of different
theories have been published and still there is ongoing
debate. In general, many investigators agree with the
Helmholtz explanation of accommodation.
Several authors [8, 11, 16, 28, 34] interpret the recov-
ery of accommodative power as a long-term aim of cata-
ract surgery. While surgical techniques used for cataract
surgery are continuously being improved, the exact 
accommodative mechanism and the cause of presbyopia
remains to be elucidated [1, 28, 42].
The possibility of surgical recovery of the power of
accommodation makes it particularly interesting to study
accommodatively induced reactions. Besides, competi-
tive hypotheses regarding the genesis of presbyopia, 
regression in accommodative amplitude caused by al-
tered lens material properties [14] as opposed to changed
neuromuscular excitability or contractibility of the cili-
ary muscle / the zonular fibers [1, 7, 40, 42] are still a
matter of ongoing debate.
The fact that the details of the accommodative mecha-
nism remain unclear may primarily be attributed to the
fact that direct observation of the ciliary muscle, due to
its position behind the iris diaphragm, is very difficult.
The observation of movement of the ciliary processes
during accommodation, for instance by using a 
Scheimpflug camera, does not stringently allow one to
conclude that the ciliary muscle is initiator of the move-
ment. It is possible to circumstantiate the ciliary muscle
function using 3D-UBM. The possibility of a differentia-
tion between ciliary muscle sections with and without
ciliary processes proved that the muscle realized a dis-
placement in direction of the lens during accommoda-
tion, illustrated in Fig. 6. This movement of the muscle
is smaller than those of the muscle including ciliary 
processes. It supports the early statements of Hess and
Fincham [10, 15] that the ciliary processes move in the
direction of the lens during accommodation. This view
has been supported by the work of Neider [27] and 
Glasser [13] in iridectomized monkey eyes. On the con-
trary, Schachar postulated [36] that the valleculae of the
ciliary body move away from the lens during accommo-
dation. Our investigation does not support this observa-
tion. Figures 6 and 7 show a flattening of the valleculae
which cannot be interpreted as a centrifugal movement
away from the lens. This is also documented by analysis
of the movement of the ciliary body center of gravity as
the parameter which describes the entire contour change.
Detailed investigations of ciliary muscle contour
changes were carried out by Lütgen-Drecoll using enu-
cleated monkey eyes [25]. The study showed that all cili-
ary muscle regions contract during accommodation. The
scleral spur is the fixed anchor point. The posterior mus-
cle sections move in the direction of the lens due to the
mobility (relocatability) over the sclera or choroid.
Thereby, the anterior section of the muscle (nearest to
the lens) is shifted in anterior direction. The anterior cir-
cular section of the muscle pulls the apex of the ciliary
muscle circularly inwardly and increases the girth of the
muscle abdomen. These results using anatomic animal
investigations can be confirmed by our 3D-UBM investi-
gations in vivo, exemplified in Figs. 6 and 7.
Upgrading of the 2D-UBM imaging technique to 
attain a 3D approach would make it possible to gain
much more information regarding the spatial localization
of the ciliary muscle. When comparing the ciliary body
in the accommodated and the disaccommodated state,
sections containing no ciliary processes may thus be 
selected. In this case one might expect the remaining 
ciliary body volume to largely represent the ciliary mus-
cle itself, which, after all, is the interesting element in
this context.
The configurational differences of the muscle during
accommodation and disaccommodation may be analyzed
and discussed by contour recognition based on character-
istic 2D parameters. Our investigations revealed signifi-
cant changes in the muscle configuration as well as
changes in characteristic positions on the ciliary muscle,
demonstrating that this method allows in-vivo investiga-
tion and documentation of accommodative configura-
tional changes of the ciliary muscle. Recapitulating the
findings illustrated in Fig. 8, we have found a shift of the
ciliary muscle center of gravity, as a parameter which 
describes the entire muscle contour, in the direction of
the lens equator. Values of this shift range between 0.04
and 0.26 mm with an individual variation and a small 
decrease with age. Bacskulin et al. [4] found an anterior
shift of the anterior contour point ranging between 0.45
and –0.1 mm during accommodation, yielding an aver-
age shift of 0.05 mm of the ciliary muscle center of grav-
ity anteriorly. In our study an average value of
Pf=0.13 mm was found. The data of Bacskulin et al.
agree with our finding that an excursion of center of
gravity occurs at all ages. This shift decreases with in-
creasing age, but never disappears. There is a certain ac-
tivity of the ciliary muscle in young individuals as well
as in those of presbyopic age.
These investigations aimed at enhancing the quantifi-
cation of individual ciliary muscle activity. This was
achieved by developing a three-dimensional high-resolu-
tion ultrasonic imaging technique that made it possible
to analyze invisible areas of the anterior part of the eye.
Particular emphasis was placed on the representation of
configurational and positional changes of the ciliary
muscle during accommodation.
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Three-dimensional ultrasound biomicroscopy,
environmental and conventional scanning
electron microscopy investigations
of the human zonula ciliaris for numerical
modelling of accommodation
Abstract Purpose: Biomechanical
modelling of the accommodation
process is a useful tool for studying
the mechanism of accommodation
and presbyopia and can aid in the
development of accommodative lens-
replacing materials. Existing biome-
chanical models, however, use a very
simplified zonula structure. The aim
of this study was to use three-
dimensional ultrasonic imaging and
scanning electron microscopy to pro-
vide a more detailed, three-dimen-
sional description of the structure of
the human zonula to improve the
modelling of accommodation.
Methods: Five human eyes were
examined without invasive manipu-
lation using a custom-made three-
dimensional ultrasonic imaging
technique that allows scanning of
features with a spatial resolution of
30 μm. Environmental and conven-
tional scanning electron microscopy
(SEM) provided information to com-
plement the ultrasonic images for
use in development of a more anato-
mically correct finite-element model
of the zonula structures. These data
along with the material properties of
the ocular tissue structures were used
to construct an advanced geometric
model for finite-element simulation of
the accommodation process.
Results: Images were obtained
through three-dimensional ultrabio-
microscopy (3D-UBM) of anatomical
features heretofore not directly imag-
able in their native state. Ciliary
processes and zonula structures were
clearly separated by both the 3D-
UBM and the SEM methods. It was
found that fibres inserting on the
anterior and posterior lens capsule
emerge anteriorly at the ciliary body.
Fibres emerging near the pars plana
insert on the lens and the ciliary body.
No X-shaped crossing fibres were
found. Modelling of the accommoda-
tion process with both the simple and
the more complex geometric models
produced refractive power changes
comparable with in vivo findings.
Conclusions: The 3D-UBM allowed
examination of zonula structures in
their native state with minimized
preparation artefacts. While these data
were incorporated into a complex
and more anatomically correct finite-
element simulation of intraocular
features including lens, zonular
system and ciliary body it was found
that a simplified zonular model is
sufficient for the numerical simulation
of the accommodation process.
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Introduction
Two approaches for the correction of presbyopia, namely
lens refilling [1, 15, 17, 22, 23, 28, 30] and intraocular
lenses based on the optical shift principle [6, 12, 13, 19, 20,
26, 28], have been reported. An understanding of lens
changes during accommodation is fundamental for the
development of these new generations of intraocular lenses
for the treatment of presbyopia. Recently, attempts have
been made to investigate human accommodation using
numerical methods to model the optical performance of
the eye. Significant studies have been carried out using
very simple models (e.g. [5, 33, 34]) while others have
used more complex models involving computer-aided
design in combination with finite-element simulations (e.g.
[3, 27]).
Numerical modelling of biomechanical processes can, in
general, lead to a better understanding of the processes
being modelled. The sensitivity of the model to geometry
and material properties can be quantified and used to fit
experimental data. Numerical modelling, however, is de-
pendent on the accuracy and quality of the data used in
constructing the model. The material properties, geometry
and boundary condition assumptions are of particular im-
portance. Thus, in the development of a biomechanical
model of the human accommodation system, the lens
nucleus, lens cortex, lens capsule, ciliary body and zonular
fibres along with their geometrical and mechanical proper-
ties (e.g. Young’s modulus, refraction index, stiffness) all
have to be considered. These data exist for only a few
selected cases in the literature, and limited experimental
information on the required geometrical and material
properties is available [3, 10, 11].
Existing models have described the zonular apparatus in
a very simplified and idealized manner. The assumptions of
Farnsworth and Shyne [9] have generally been used. They
suggest that three groups of zonular fibres exist: anterior,
central and posterior, in the ratio 6:3:1. The movement of
the ciliary muscle during accommodation has been inves-
tigated [29, 32]. These investigations led to the conclusion
that there is age dependence and inter-individual difference
in radius change of the ciliary body during accommoda-
tion. There is little knowledge on the force of the ciliary
muscle on the zonular fibres. The position of the anchor
point at the ciliary body of the zonular fibres is of particular
importance with regard to the force transmission from the
ciliary muscle to the lens.
The purpose of the current work was to obtain a more
accurate description of the geometry and morphology of
the zonula, using three-dimensional ultrasound biomicros-
copy (3D-UBM) and scanning electron microscopy
(SEM), for use in modelling the accommodation process.
The data are used to construct a model of the accommo-
dation apparatus including lens and zonular fibres to
investigate the mechanical and optical performance of the
eye.
Materials and methods
Five freshly enucleated human eyes (age 31–73 years)
were available for the experimental part of the study. None
of the eyes had a previous history of intraocular surgery in
the anterior segment. All eyes were enucleated for ocular
pathologies in the posterior segment [primary large cho-
roidal melanomas (three cases) or recurrent melanomas
after treatment (two cases)].
Informed consent was obtained from all subjects before
participation. Procedures adhered to the tenets of the Dec-
laration of Helsinki, and the protocol was approved by the
ethics committee of the University of Rostock.
The anterior segment between lens equator and ciliary
body was scanned using 3D-UBM shortly after enucleation
(not later than 6 h) without further invasive manipulation.
Eye segments for SEMwere prepared by bisecting the eyes
in the equatorial region with a scalpel. The remaining
vitreous humour was completely removed from the pos-
terior face of the anterior segment. The anterior segmentwas
fixed with pins to avoid tissue deformation. A 90° section of
the sclera and cornea was removed to provide a lateral view
of the contained structures. These sections, without further
manipulation, were examined in an environmental scanning
microscope followed by conventional SEM examination.
Three-dimensional ultrasound biomicroscopy
The freshly enucleated human eyes were examined using
the 3D ultrasound biomicroscope previously described by
Stachs et al. [29]. No modifications were required for ex
vivo use. With this microscope, 3D data sets consisting of
stacks of B-scans in parallel planes at a defined distance
were obtained. The computer-controlled scanning system
moves the table with the eye holder perpendicular (z di-
rection) to the B-scan plane. The video signal of the ul-
trasound unit is digitized using a frame-grabber board
(HaSoTec, Germany) synchronized with the z-motion con-
trol system. For the z-movement a distance of 5 mm is
scanned in 20 s acquisition time. All 3D scans have the
same sampling density with 160 frames. The original UBM
raw data (256 scan lines×1024 samples per line, 256-level
grey scale) pictured on the UBM display with 880×440
pixels were converted into 440×440 pixels (256-level grey
scale) during capture by the frame grabber. No degradation
of the image quality was observable, and the influence of
the digital conversion was negligible. The voxel size is
0.011×0.011×0.031 mm. The motion control and data ac-
quisition system is connected with a Windows NT work-
station via a local area network for 3D reconstruction using
AMIRA (TGS, San Diego, CA, USA). This commercial
volume-rendering software package provides an interactive
environment allowing features such as volume orientation
for viewing planes and 3D perspectives, segmentation and
determination of distances and surfaces.
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Scanning electron microscopy
On completion of the 3D UBM examination, segments of
the eyeballs were prepared as described above and were
examined twice, firstly in their native state using an
environmental scanning electron microscope (ESEM XL
30, Philips) and secondly, after gold coating (Sputter
Coater 103, Baltec, Germany), by conventional SEM (HV-
mode, DSM 960 A, Zeiss, Germany).
Model building
For simulation of the accommodation, a finite-element
model (FEM) was created for a 29-year-old lens based on
the data of Brown [2]. The model is assumed to be stress
free in the accommodated state (Fig. 7). The deformed lens,
i.e. the unaccommodated state, was achieved by a pre-
scribed radial displacement at the end of the zonular fibres
according to the linear regression data of Strenk et al. [32].
For our basic model three sets of zonular fibres are assumed
to connect the lens with the ciliary body at a single point
and the numbers of anterior, posterior and central fibres
are in the ration 6:3:1 [9]. The axial displacement of the
zonular fibre ends was fixed. The lens consists of the
capsular bag, which was modelled by one-dimensional
axisymmetric shell elements. The capsular bag content
(nucleus and cortex) was modelled by two-dimensional
axisymmetric elements. The radial displacements at the
optical axis of the lens were fixed. In principle, the basic
model (Fig. 7a) utilizes the same source data for the model
geometry and material properties as used by Burd et al. [3].
Fig. 1 3D-UBM reconstruction
of the human ciliary body
region ex vivo. a The unmodi-
fied scan volume; b digital
subtraction of the sclera and
iris from the same volume ex-
poses the ciliary processes and
zonular fibre groups. Different
zonular groups and anchor
points are marked
(▴,▵,*,#)
Fig. 2 Typical 3D-UBM sections across the human ciliary body. A
section across the ciliary muscle with ciliary processes is shown in
a, while only the ciliary muscle can be seen in the section depicted
in b. Images d and e are the transverse sections marked in c. Zonular
groups with differing orientations are marked (▴,▵)
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This model is very well documented and was used as the
basis for our FEM analyis.
The more complex model incorporated the course,
attachment points and structure of the zonular fibres as
determined by 3D-UBM and augmented by the ESEM and
SEM findings. Oblique sections across the ciliary body
with zonular fibres, or across the lens with zonular fibres,
were selected using AMIRA. The configuration of the
ciliary body was analysed using the following procedure
for contour determination previously described by Stachs
et al. [29]. The respective positions of the scleral spur and
the ciliary muscular base were used to define a suitable
coordinate system for the pattern recognition system. In
addition, the posterior wall of the iris had to be differ-
entiated from the neighbouring ciliary muscle. The ciliary
muscle base was approximated as a parabola, while the
posterior wall of the iris was approximated as a straight
line. The scleral spur served as an origin of coordinates and
as a rotation center for the subsequent averaging of the
individual contours to afford a mean contour. The outer
contour of the ciliary body was found using a fixed thresh-
old value in the grey-scale images. For contour finding, ten
comparable radial sections through the ciliary body were
selected, approximated and averaged. The shape of the lens
Fig. 3 Orthogonal sections across the human ciliary body. a A section in the transverse direction between the lens and a ciliary body:
zonular fibres are marked (▴,▵). b An orthogonal section across the ciliary body: ciliary processes can clearly be separated by 3D-UBM
Fig. 4 Scanning electron micrograph of a typical specimen. a, b Fibres originating at the ciliary body ridges. c Intra-ciliary fibres that
connected between neighbouring ciliary processes were found in the ciliary body valleys
51
is calculated according to the least-square polynomials
given and discussed in detail by Burd et al. [3]. Typical
zonular traversing patterns between lens and ciliary body
were analysed and integrated in a geometric model shown
in Fig. 6b. For model building a differentiation between
the five investigated eyes was not conducted.
Finite-element modelling
The calculations were performed nonlinearly considering
large displacements using the finite-element software
package Abaqus 6.2–7 (Abaqus, Providence, RI, USA).
The finite-element analysis produces the deformed
contours of the anterior and the posterior lens surfaces
from which the refractive power can be calculated. For this
purpose, a least-square approximation of the anterior and
the posterior lens contour by circular arcs is performed.
This approximation is done in the central region of the lens
with a radius of 0.8 mm.
The refractive power D can be calculated from the
anterior and the posterior curvature radii Ra and Rf as
follows:
D ¼ Df þ Db  tc
nl
DfDb
Df ¼ nl  naq
 
=Rf ; Db ¼ naq  nl
 
=Rb
Df refractive part of the anterior lens surface
Db refractive part of the posterior lens surface
nl refractive index of the lens (nl=1.42)
naq refractive index of the aqueous (naq=1.336)
tc lens thickness
The lens and the aqueous are assumed to be optically
homogeneous. Furthermore, the refractive indices of the
lens and the aqueous were assumed to be constant. Age-
related changes of these indices are not considered. This
paper deals only with the refractive power change due to
deformation of the lens and the resulting curvature change.
Results
Three-dimensional UBM can visualize zonular fibre
groups hidden behind the iris. As shown in Fig. 1, digital
subtraction of the sclera and iris from the scanned volume
Fig. 5 Typical dorso-lateral views of zonular fibre insertion on the lens obtained with ESEM (a) and conventional SEM (b)
Fig. 6 The more complex model with ten sets of zonular fibres
and multiple anchor points based on the contour approximation
procedure
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of intact human eyes exposed the ciliary processes and
zonular fibre groups. Single fibres, however, cannot be
displayed with the current spatial resolution of 3D-UBM.
Nevertheless, individual fibres could be seen in the two
types of SEM used in this study. Additional structural and
geometric data obtained from the two types of SEM
complemented the findings from 3D-UBM.
All observed zonular fibres ran from different regions
of the ciliary body to the equatorial zone of the lens
(Figs. 1–5). There were no significant differences among
the samples with respect to the overall arrangement and the
total number of observable fibres. The results for all five
eyes were similar.
Fibres were found to originate at the pars plana of the
ciliary body (Figs. 1b▴, 2a▴,b▴,c▴,e▴). These fibres ran
in the direction of the ciliary body, reached the pars plicata
of the ciliary body, and followed their course through the
ciliary body valleys (Figs. 1b#, 2b▵, 3a▴). Fibres entered
the valleys in two ways. Firstly, some fibres touched the
ciliary body tangentially along the lateral walls of valleys
and the dorsal ends of the ciliary processes (Figs. 1b*, 2a*).
This attachment or anchoring may be responsible for a
change of the direction of these fibres. Secondly, some of
the zonular fibres crossed the ciliary body valleys without
contact and ran directly towards the lens (Figs. 1b#, 3a▴).
In this case, no change in fibre direction was observed. It
cannot be stated that these fibres ended at preferred regions
at the lens (anteriorly or posteriorly).
The main part of the observed fibres originated at the
lateral walls and at the top of the ciliary processes
(Figs. 1b▵, 2a▵, 3a▵, 4a,b) and ran straight in the direc-
tion of the lens. These fibres were present in all zonular
layers (posterior, equatorial and anterior) inserted on the
lens surface (Fig. 5). Typical dorso-lateral views of zonular
fibre insertion on the lens obtained with ESEM and con-
ventional SEM are shown in Fig. 5a and Fig. 5b respec-
tively. No X-shaped zonular groups crossing between the
ciliary body and the lens were found. Additionally, some
Fig. 7 Finite-element meshes for the 29-year-old lens. a The simple
model with three sets of zonular fibres and a single anchor point.
b The more complex model with ten sets of zonular fibres and
multiple anchor points. The accommodated (reference) state is out-
lined in green, while the unaccommodated state (deformed mesh) is
shown in black
Fig. 8 Calculated variation of
refractive power, equatorial
lens radius change and total
reaction force of the ciliary
muscle with ciliary body move-
ment for a 29-year-old lens.
Model 1 assumes three sets of
zonular fibres with a single
anchor point; model 2 assumes
ten sets of zonular fibres vwith
multiple anchoring points
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intraciliary fibres that ran between neighbouring ciliary
processes were found in the ciliary body valleys (Fig. 4c).
Based on the 3D-UBM and ESEM/SEM images, typical
zonular traversing patterns between lens and ciliary body
were analysed and integrated in a geometric model shown
in Fig. 6. This figure shows the advanced model with lens,
approximated ciliary body and the zonular structure with
10 idealized fibre groups representing the findings in
B-scan image data and SEM/SEM patterns. Both models
(single anchor point, multiple anchor points) were used
for finite-element modelling of accommodation. FEM
calculations were carried out using the axisymmetric
meshes shown in Fig. 7. The deformed lenses for both
models are shown in Fig. 7 for a ciliary body displacement
corresponding to the unaccommodated state. Also shown
in Fig. 7 is an outline of the lenses in the accommodated
state.
In Fig. 8, the results of the FEM simulations (refractive
power, equatorial lens radius change and total reaction
force) are shown. The maximum values for these mag-
nitudes at a ciliary body radial displacement of 0.36 mm are
given in Table 1.
Discussion
The human lens is attached to the ciliary muscle by the
zonular fibres that originate at the pars plana and are
anchored to the ciliary body before connecting to the lens.
There are few detailed studies concerning the zonular
geometry and the attachment to the ciliary body [4, 9, 21,
25]. For the numerical simulation of the accommodation
process, the positions of the zonular fibre anchor points at
the ciliary body are fundamental because these anchor
points affect the amplitude and direction of force trans-
mission from the ciliary muscle via the zonular fibres to the
lens. Heretofore, the investigation of the anchor points has
been difficult because these structures are hidden behind
the iris. Direct optical visualization of these structures was
not possible and examination by SEM can introduce
preparation artefacts.
A combination of a 3D-UBM and ESEM examination of
native structures without preparation artefacts in conjunc-
tion with conventional SEM experiments allowed a precise
description of the zonula traversing pattern (e.g. Fig. 1).
3D-UBM clearly showed the ciliary process and zonular
fibre groups normally hidden behind the iris. The ESEM
examination of the zonula geometry in native samples
showed that the preparation necessary for conventional
SEM produces artefacts. Figure 5 shows images of the
equatorial region of the lens by the two electron micro-
scopic techniques. The SEM image is much sharper than
the ESEM image. However, the SEM preparation results in
alteration (shrinkage) of the zonula geometry. In addition,
comparison with the native zonula geometry found using
3D-UBM leads to the realization that the dehydration
induces a bundling of single fibres into broad threads. Thus
the SEM preparation, taken alone, can lead to wrong
conclusions regarding the structure and traversing patterns
of the fibres.
A number of studies [9, 16, 25, 31] report that the
zonular fibres originate exclusively at the pars plana. In this
study, it was also observed that fibres originate at the pars
plana. In addition fibres were found to originate at the
lateral wall of the ciliary processes. This is in agreement
with the results of Raviola [24]. Fibres were also observed
to originate at the ciliary ridges as described by Davanger
[7]. Using advanced imaging techniques, the findings of
these earlier two studies were confirmed. However, the
question remains of whether these are independent fibres or
fibres emerging near the pars plana with an anchor point at
the ciliary processes. Our investigations cannot give a clear
answer; however, this question has, as a first approxima-
tion, a subordinated importance for FEM simulation.
We have found that the main part of the zonular fibres
originate or have an anchor point at the lateral walls or at
the top of the ciliary processes and run directly to the lens.
An advanced geometric model was created using the newly
defined zonular fibre traversing patterns. The advanced
FEM for simulation of accommodation is shown in Fig. 7b
in comparison to the simpler geometry in Fig. 7a. Both
models were created with the same mesh and the same
geometric and mechanical properties of the lens. The
zonular fibres are modelled by axisymmetric shell ele-
ments. They form conical sheets around the lens. These
sheets represent individual fibres. A material model was
used in which the circumferential stiffness of these fibres is
zero.
The FEM calculations were carried out using the two
models. In each case, a displacement was applied in
increments to the points representing the ciliary body. A
displacement of 0.36 mm for maximal relaxation/stretching
was used. This maximum displacement value encompasses
the in vivo determined shifts of the ciliary muscle centre of
gravity found using 3D-UBM [29] (max. 0.26 mm) and
that found using magnetic resonance imaging [32] (Δr
[mm]=0.5129–0.00525*age[years]). The resulting geome-
try of the lens was computed using the solution algorithm
of Abaqus.
From the schematics of the two models shown in Fig. 7 it
can be seen that the paraxial anterior surface is flatter in the
Table 1 FEM results for both models (model 1: three sets of
zonular fibres with a single anchor point; model 2: ten sets of
zonular fibres with multiple anchoring points) at a radial displace-
ment of ciliary body of 0.36 mm
Model 1 Model 2
Refraction power unacc. (dpt) 26.3 27.9
Reaction force (N) 0.096 0.087
Radius change (mm) 0.288 0.225
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unaccommodated state than in accommodation. This is
consistent with the Helmholtz theory of accommodation
[14]. In both models, with accommodation, the anterior
lens pole moves forward and the posterior lens pole moves
backwards. This behaviour is also consistent with the
theoretical calculations of Burd et al. [3] and agrees quan-
titatively with the experimental findings of Drexler and
colleagues [8, 18].
In Fig. 7, the results of the FEM simulations are shown.
It can clearly be seen that there are only small difference
between the results from the two FEMs. The model with
ten sets of zonular fibres shows a slightly lower radius
change as the load is transferred by more zonular fibres.
The calculated total circumferential reaction force at the
ciliary body is nearly the same for the two models. The
refractive power change calculated by the two models is
also similar. This latter finding can be explained by the fact
that the applied load has an influence on lens deformation
only in the immediate region around the application point.
The optical axis, where the optical power is calculated, is
relatively far from the load application point, so there is
very little influence of the zonula model on the optical
power.
In conclusion, 3D-UBM and ESEM/SEM provided
detailed information about the morphology of the zonules.
With 3D-UBM, zonular fibre groups, normally hidden
behind the iris, were made visible. This new, descriptive
information on the accommodation apparatus and literature
data were used to construct numerical models of the human
accommodation process. Thus, the models were based on
the most current knowledge of the geometry and material
properties of the tissue structures involved in accommo-
dation. Both models show good agreement with published
data. The FEM results indicate that the simplified model
adequately describes the accommodation process under the
given boundary conditions. The more detailed zonula
model produced comparable results. If numerical model-
ling is to be developed as a successful approach in the study
of presbyopia, then this will rely on high-quality experi-
mental data (e.g. age-related mechanical and geometric
properties of the lens and zonules) becoming available in
the future.
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modelling of accommodation”
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Dear Editor
Stachs et al. constructed three-dimen-
sional images of the architecture of the
zonules from two-dimensional UBM
images of postmortem human eyes.
They compared these images with
scanning electron microscopic images
of the zonules [20].
The authors used a line between the
scleral spur and the base of the ciliary
muscle as the basis for a coordinate
system to construct the three-dimen-
sional images [20, 21]. Unfortunately,
this line is not a sufficient coordinate
reference from which to construct a
three-dimensional image. The authors
did not provide references on the
globe or use landmarks sufficient to
insure that the three-dimensional
UBM images were not affected by
perspective distortion. It has been
demonstrated that small misalign-
ments of the UBM probe with respect
to the eye, which induce as little as a
three-pixel shift between compared
images, can cause significant per-
spective distortion [18, 19]. Moreover,
since the lens equator is not visible in
all images of the UBM, the path of the
zonules and the location of their
attachment to the lens capsule were
inferred by the authors and have not
been confirmed by them [20]. Conse-
quently, it is premature for the authors
to conclude that the zonular architec-
ture is different from that which has
been demonstrated with scanning
electron microscopy [5, 22].
Then, using the finite element meth-
od (FEM), the authors determined
the effect of the position of the lens
zonules on the change in central
optical power of the lens associated
with zonular traction [20]. The authors
did not select the most appropriate
properties for the model employed in
their FEM study, but simply relied on
the FEM model performed by Burd et
al. [2]. Had they used the correct FEM
mesh elements, geometric and mate-
rial properties in their model, a con-
verged FEM solution would provide a
reliable method for analyzing the
mechanics of this biological system
[1, 11, 13]. Burd et al. have recently
re-evaluated the material properties of
the lens cortex and nucleus, and
acknowledge that the values used in
their FEM analysis are inappropriate
for modeling the human lens [3].
Burd et al. modeled the lens of a
29y/o in which the cortex was 6 times
harder than its nucleus [2]. Brillouin
light scattering [23], a non-invasive
technique, and dynamometric mea-
surements of in vitro fresh human
lenses [14] and routine clinical ob-
servation during in vivo cataract
extraction by phacoemulsification
demonstrate that the hardness of the
nucleus of lenses older than 25 years is
either the same or greater than its
cortex [8].The most appropriate mate-
rial properties for the lens cortex and
nucleus are based on the following:
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The mean shear modulus, G, of the
young lens is 50 Pa [7] and the bulk
modulus, K, of the lens cortex is
2.8 GPa and the lens nucleus is 3.7 GPa
[23]. From the relationship between
G, K and the elastic modulus, E, the
lens Poisson’s ratio, v, is [16]:
ν ¼ 3K  2G
6K þ 2G ffi 0:49999999
From the following relationship [16]:
E ¼ 9KG
3K þ G
the elastic modulus of the lens cotex
and nucleus is 150 Pa.
In addition, Burd et al. [2] did not
consider the fact that the cortex is
readily separated from the capsule [15]
and should have incorporated contact
elements to simulate the capsule-cor-
tex interface. Burd et al. [2] used
triangular elements to model the cap-
sule, which are not as reliable as
quadrilateral elements [9, 10] and a
discontinuous function, consisting of
a polynomial, a straight line and a
circular end cap, to model the lens
profile. It would be more appropriate
to use a continuous function to model
the lens such as given by Chien et al.
[4].
With attention to these needed
modifications, the authors should be
able to obtain an FEM converged
solution of zonular traction, such that
the force and lens equatorial displace-
ments required to induce 10 diopters of
accommodation, can occur within the
physiological force capacity of the
ciliary muscle [6, 12, 24] and the space
limitations of the equatorial circum-
lenticular space [17].
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Reply to comment by R. Schachar et al.
regarding our publication “Three-dimensional
ultrasound biomicroscopy, environmental
and conventional scanning electron microscopy
investigations of the human zonula ciliaris
for numerical modelling of accommodation”
Reply: The authors thank R. Schachar
and his colleagues for their interest
and comments regarding our recent
article [11]. The critique can be
categorized into two types: data eval-
uation technique and modeling tech-
niques (material properties, contact
conditions and lens geometry). We
address each here.
Schachar states that we use a line
between sclera spur and the base of
the ciliary muscle as a basis for a
coordinate system to construct a three-
dimensional image. As clearly stated
in our paper, we reconstructed the
3D images without using a line
between sclera spur and the base of
the ciliary muscle as a basis for the
coordinate system, but rather used
the stacks of the 3D-UBM without
additional presumption of a point of
origin. These stacks do not have the
disadvantage of misalignment of the
UBM probe with respect to the eye,
and thus avoid the significant per-
spective distortion described by
Schachar [9, 10] using standard B
scans. With the UBM microscope
used in our recent and earlier [11, 12]
study, 3D data sets consisting of stacks
of B–scans in parallel planes at a
defined distance were obtained. Vol-
umes with a size of 5×5×5 mm and a
voxel size of 0.011×0.011× 0.031 mm
were reconstructed.
We agree with Schachar et al.
that the lens equator is not visible in all
images of the UBM. In this
context, we indicate that our interest
was focused mainly on the location
of attachment points on lens and
ciliary muscle. In our paper, length
measurements of the ciliary processes
were not performed.
Schachar stated that it is premature
for the authors to conclude that the
zonular architecture is different from
that which has been demonstrated
with scanning electron microscopy
[3, 13]. In addition to the two early
papers cited by Schachar regarding
zonula architecture described by
SEM, there are a number of other
studies [4, 5, 8, 14] that report that
the zonular fibres originate exclu-
sively at the pars plana. In contrast to
these findings and Schachar’s state-
ments, our study showed that fibres
originate not only at the pars plana
but also at the lateral wall of the
ciliary processes. We further observed
that fibres originate at the ciliary
ridges consistent with the findings
by Davanger [2]. It is possible that
the preparation artefacts for scanning
electron microscopy (e.g. dehydra-
tion) prevent an imaging of some
fibre origins as found in our study.
Moreover, Schachar states that the
material properties given by Burd et al.
[1] that were used in our paper are
inappropriate. We are aware of the
problem concerning the material prop-
erties of lens nucleus and lens cortex as
described by Burd et al. These material
properties are a subject of current
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discussion among researchers in the
field. In this context, we have previously
carried out a parametric investigation on
the pertinent material properties. We
showed [6] that the resulting refractive
power change depends on the gradient
between the lens cortex and lens nucleus
material properties. In this paper,
it was found that the refractive power
change during accommodation de-
creases when the material properties of
the lens cortex and the lens
nucleus are varied inversely. Recent
investigations by H. Weeber et al. [15]
show that the stiffness relation
between the lens cortex and the lens
nucleus depends on the age. While
in young patients the lens nucleus
has a lower stiffness than that
of the lens cortex, the lens nucleus
becomes harder in old lenses. Therefore,
the material data of the lens
show an age related distribution.
In a 29-year-old lens (which was used
for our simulation) the lens nucleus
might be equal to or softer than
the lens cortex.
In their letter, Schachar et al. state
that the capsular bag is fully separated
from the lens cortex. This may or
may not be the case, but in any event
the degree of coupling has little
influence on the calculated refractive
power change of the lens. We have
performed investigations on the in-
fluence of different contact parameters
between the lens capsule and the lens
cortex in the past [7]. The variants
evaluated include: capsule fully
linked to the lens cortex; contact
conditions between capsular bag and
lens cortex with varied friction coef-
ficient (separation of capsule al-
lowed); contact conditions between
capsular bag and lens cortex with
varied friction coefficient (separation
of capsule forbidden).
These parametric studies showed
very little influence of the contact
conditions on the refractive power
change of the lens.
We agree with Schachar et al. that
quadrilateral elements are more
appropriate than the triangular ele-
ments used by Burd et al. and indeed,
quadrilateral elements were used in
our paper.
Moreover, Schachar et al. indicate
that the lens contour is composed of
different parts. We are aware of the
fact that the lens contour is only
continuous in the first derivative,
but we do not think that the lens
curvature in the peripheral region
has an important influence on the
refractive power change in the
central region. So we believe that our
simplified lens geometry is adequate.
With all the facts considered,
our model yields converged solutions,
with force and lens power change
results somewhat different than that
produced by Schachar et al.’s model.
We look forward to further studies
published in peer–reviewed scientific
journals to eliminate the lack of high-
quality geometric and material data
to improve the numerical modeling of
accommodation and presbyopia.
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ABSTRACT
PURPOSE: To investigate the accommodative perfor-
mance of new intraocular lenses (IOLs) using the advan-
tages of three-dimensional ultrasound biomicroscopy.
METHODS: An in vitro simulation device was designed 
to study IOL performance using an artifi cial capsular bag 
and a stretching device. The haptic region of the Akkom-
modative 1CU (HumanOptics AG) and CrystaLens AT-45 
(Eyeonics Inc) was visualized in vitro in three dimen-
sions, using an in-house developed three-dimensional 
ultrasound biomicroscope. The in vitro results were used 
to describe the in vivo situation in four patients with ac-
commodative implants. 
RESULTS: The haptic position and angulation in consid-
eration of the accommodation state was distinguished 
and analyzed. In the simulation model, a maximal an-
gulation change of 4.5° and 4.3° and a maximal for-
ward shift of 0.33 mm and 0.28 mm was observed for 
the AT-45 and 1CU, respectively. In vivo, a change in 
haptic angulation <10° and a maximal forward shift of 
0.50 mm was observed for the 1CU. These changes 
correspond to a theoretical approximate value of 0.50 
diopters.
CONCLUSIONS: The in vitro simulation device exam-
ined with three-dimensional ultrasound biomicroscopy 
provided information on the accommodative perfor-
mance of these potentially accommodative IOL designs. 
Using three-dimensional ultrasound biomicroscopy, cor-
responding changes in haptic angulation during phar-
macological-induced accommodation were observed. 
[J Refract Surg. 2005;21:37-45.]
A n intraocular lens (IOL) is implanted in the capsular bag during cataract surgery. Capsular fi brosis and capsular bag shrinkage result in a hardening of the 
IOL haptic and optic in the capsule. Despite excellent resto-
ration of visual acuity and biocompatibility, no accommoda-
tion is present in pseudophakic eyes, as the IOL optic does 
not change in shape or position. Pseudophakic accommoda-
tion could potentially be achieved by ciliary muscle action if 
the hard lens cortex and nucleus were replaced by a fl exible 
material. Several authors1-6 reported refi lled lens capsules in 
animal experiments. 
To date, pseudophakic accommodation has only been 
achieved by multifocal IOLs and by an axial shift of the IOL 
optic. This shift of the IOL optic occurs when the ciliary mus-
cle contracts and induces a change in haptic confi guration. 
Recently, several attempts using different designs7-12 have 
been made to achieve pseudophakic accommodation. The 
fundamental idea of all approaches to achieve potentially ac-
commodating IOLs is to allow an axial displacement of the 
IOL optic.
Quantifi cation of the axial IOL movement induced by 
accommodation in humans has been performed with ultra-
sound8,13-15 and by using dual-beam partial coherence inter-
ferometry.16-19 High-frequency ultrasound20,21 is the only tool 
available to visualize the IOL haptic geometry hidden behind 
the iris diaphragm. High-frequency sonographic image analy-
sis becomes diffi cult if information from only one plane is 
available. The aim of this study is the evaluation of haptic ge-
ometry based on a three-dimensional reconstruction of single 
section, ultrasound biomicroscopic data sets.
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To simulate accommodation, a test chamber using 
an artifi cial capsular bag and a stretching device was 
developed. The haptic regions of the Akkommodative 
1CU (HumanOptics AG, Erlangen, Germany) and the 
CrystaLens AT-45 (Eyeonics Inc, Aliso Viejo, Calif) 
were scanned in the simulation model during different 
accommodative (stretched) states. These in vitro results 
were correlated and used to describe the in vivo condi-
tion in four patients with accommodative implants. 
MATERIALS AND METHODS
The IOLs studied and their properties are shown in 
Table 1 and are depicted as insets in Figures 1 and 2. 
The IOLs were implanted in a silicone capsular bag to 
allow simulation of the accommodation process. The 
artifi cial capsular bag is shown in Figure 3. Its charac-
teristics have been described in detail22 and the main 
properties are summarized in Table 2. 
An in-house developed three-dimensional ultra-
sound biomicroscope was used to evaluate IOL place-
ment and haptic confi guration in the capsular bag. The 
principle of the ultrasound biomicroscope has been 
described in detail.21 Iezzi et al23 and Cusumano et 
al24 described a technique for three-dimensional ul-
trasound biomicroscopy, and its application has been 
demonstrated.25,26 For this study, three-dimensional 
TABLE 1
Intraocular Lens Properties
Model
Special
Properties
Overall
Size (mm)
Haptic
Material
Haptic
Design
Optic
Diameter (mm)
Optic
Material
1CU
(HumanOptics)
One piece 9.5 Acrylic Plate 5.5 Acrylic
AT-45
(Eyeonics Inc)
Multi-part 11.5 Silicone and 
acrylic
Plate 4.5 Silicone
Figure 1. Photograph and three-dimensional ultrasound biomicroscopy image and B-scan of the 1CU in the artificial silicone capsular bag (CB). The 
optic (O) and haptic (H) are well differentiated. The spot (*) in the equatorial region of the capsular bag is caused by the haptic ridge of the IOL, whereas 
this point is not always present under different scanning directions. The point (#) acts as the fulcrum and is used as the center of rotation for angula-
tion determination. The echo pattern of the posterior convex side of the haptic is a falsified image due to time-delay effects. Abbreviations: O = optic, 
# = fulcrum, H = haptic, and * = haptic ridge.
IOL optic IOL optic
CB CB
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imaging was accomplished using a standard ultrasound 
biomicroscope (Model 840; Humphrey Instruments, 
Carl Zeiss Group, Jena, Germany) extended such that 
precise movement of the B-scan plane in the z-direc-
tion could be obtained. This principle for three-dimen-
sional imaging has been summarized in detail.27 In this 
arrangement, three-dimensional data sets consisting 
of parallel B-scans spaced at defi ned distances apart 
could be obtained.
The three-dimensional reconstruction was per-
Figure 2. Photograph and three-dimensional ultrasound biomicroscopy image and B-scan of the CrystaLens AT-45 in the artificial silicone capsular bag 
(CB). The fulcrum is marked (#). The optic (O) and haptic (H) are well differentiated, whereas the echo pattern (*) is caused by the polyimide construc-
tion of the AT-45 plate haptic. Abbreviations: O = optic, # = fulcrum, H = haptic, and * = polyimide construction.
Figure 3. A, B) Artificial capsular bag and C) stretching device for accommodation simulation. The rotation of the inner ring with pins (marked in C) 
shifts the arms and stretches or relaxes the bag to simulate the force effects of the ciliary muscle. The 1CU IOL is implanted.
IOL optic IOL optic
CB CB
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formed using VoxelView (Vital Images, Fairfi eld, Iowa) 
and Amira (TGS, San Diego, Calif) software. These 
commercial software packages provide an interactive 
environment allowing spatial orientation of individual 
planes, construction of three-dimensional perspectives, 
segmentation, and determination of distances and sur-
faces. Building three-dimensional constructs allows 
outlining of anatomic structures in space and can be 
used for volume measurements. For evaluation of hap-
tic confi gurations and axial changes in IOL position, 
additional software, ImageJ (NIH, Bethesda, Md) and 
TINA (Raytest, Straubenhardt, Germany), was used.
For analysis of the IOL performance, the artifi cial 
capsular bag was mounted in a simulation device 
(see Fig 3C). The arms of the fi xture clamp the bag 
around its periphery at eight points. Rotation of the 
inner ring stretches or relaxes the bag. Inner ring rota-
tion is accomplished by a stepping motor driving a 
worm gear. The amount of stretching correlates with 
the rotation of the inner ring. The entire arrangement 
is submerged in water for sonographic imaging. In vi-
tro, no movement artifacts exist, and a high-quality 
three-dimensional reconstruction can be performed 
(160 individual B-scans with 440440 pixel). The 
three-dimensional volume was used to identify the 
tangential plane of the IOL respectively haptic, and an 
oblique reconstruction is possible to perform the bio-
metric measurements. Thus, in vitro, an effect of tilt-
ing on the results of the biometric measurements can 
be excluded. For angulation determination, the center 
of rotation was placed at the fulcrum (see Figs 1 and 
2) and the angle between IOL optic and haptic was 
measured using the anterior IOL interface. These bio-
metric data were determined in six different extracted 
B-scan sections taken from six stretching experiments 
(one IOL implanted in three different bags) followed 
by mean value determination. 
The in vivo measurements were performed follow-
ing the tenets of the Helsinki agreement. Written in-
formed consent was obtained from all patients after the 
nature and possible consequences of the study were 
explained. Three-dimensional ultrasound biomicro-
scope measurements were performed after pharmaco-
logically induced accommodation (pilocarpine 2%) or 
disaccommodation (cyclopentolate 1%) on two con-
secutive days. 
The ciliary body regions of four patients were scanned 
30 minutes after pharmacological treatment. For the bio-
metric measurements, individual scans were extracted 
from the scanned three-dimensional volumes because 
movement artifacts prevent an analysis of oblique re-
constructions through the voxel blocks to perform the 
biometry. Changes in haptic angulation and the IOL 
shift were analyzed (mean value) using six extracted 
B-scans. Positive values for ACD represent a forward 
shift of the IOL. For angulation determination, the point 
of origin was placed at the fulcrum as described above.
RESULTS
The three-dimensional reconstruction and interac-
tive selection of sections across the haptic of the IOLs 
studied in the artifi cial capsular bag are shown in Fig-
ures 1 and 2. For the 1CU (see Fig 1), the optic (O) and 
haptic (H) are well differentiated. The spot (*) in the 
equatorial region of the capsular bag is caused by the 
haptic ridge of the IOL, whereas this point is not al-
ways present under different scanning directions. The 
point (#) acts as the fulcrum and is used as the cen-
ter of rotation for angulation determination. The echo 
pattern of the posterior convex side of the haptic is a 
falsifi ed image due to time-delay effects. The fulcrum 
of the AT-45 is also marked (#), of which the three-di-
mensional reconstruction and image analysis is shown 
in Figure 2. Optic (O) and haptic (H) are well differen-
tiated, whereas the echo pattern (*) is caused by the 
polyimide construction of the AT-45 plate haptic. The 
posterior lens surface could not be imaged.
B-scan series exemplifying the stretching experi-
ments are depicted in Figure 4. The results concerning 
change in angulation optic haptic and axial shift are 
summarized in Figure 5. The B-scans of the 1CU IOL 
show the effect of equatorial stretching/relaxing (max 
change in r = 0.5 mm). This maximal radius change in-
duces an angulation change of 10.4° and an axial shift 
around 0.36 mm of the 1CU. For the AT-45, a 9.3° angu-
lation change and a 0.50-mm axial shift were found. 
A basic knowledge of echo characteristics was used 
to describe the in vivo situation in patients with ac-
commodative implants. Figure 6 shows a three-dimen-
sional reconstruction and the image analysis (with 
design drawing) of the 1CU haptic region. A haptic an-
TABLE 2
Properties of the 
In Vitro Capsular Bag Model
Material Nusil (Silicon Technology, France)
Equatorial internal diameter 9.5 mm
Capsular skin thickness
  Posterior 0.06 mm
  Anterior 0.1 mm
Ring dimension 15.0 mm
Rhexis diameter 5.5 mm
Young’s Modulus 0.25 MPa
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gulation of 6° compared with the relaxed IOL haptic is 
observed in this case.
A detailed analysis of accommodative changes in 
axial lens shift (ACD) and haptic angulation was 
performed for four patients with the implanted 1CU 
IOL. In Figure 7, the change in angulation shows the 
effect of cyclopentolate and pilocarpine in a 67-year-
old patient 4 months postoperatively. For this patient, 
in comparison to the relaxed haptic confi guration, a 
4° angulation was observed using cyclopentolate. Pilo-
carpine induced an additional 10° angulation. 
The results of the four eyes examined are summa-
rized in Figure 8. In disaccommodation, a haptic an-
gulation between 2° and 4° is visible. Pilocarpine in-
duced an additional angulation change 10° for the 
1CU. In one case (patient 3), a haptic distortion was 
found. The haptic was positioned in an angle that re-
sults in a position anteriorly to the IOL optic plane and 
pilocarpine-induced ciliary muscle contraction caused 
a posterior IOL shift.
DISCUSSION
The biometric analysis of high-frequency sono-
graphic images becomes diffi cult if the information 
from only one A-scan section is possible. Regarding 
the analysis of haptic confi gurations, undefi ned tilting 
effects can falsify biometric measurements. The three-
dimensional ultrasound biomicroscopy combined 
with a powerful volume rendering software provides 
features such as volume orientation for viewing planes 
and three-dimensional perspectives. These features in-
clude an auxiliary tool for identifi cation and biometric 
analyzing of the haptic confi guration with minimized 
tilting effects.
The posterior chamber lens 1CU, which was de-
veloped based on FEM simulations by Küchle et al,11 
was examined. Theoretically, a contraction of the cili-
ary muscle, thus a relaxation of the zonules, leads to 
a relaxation of the capsular bag. The haptics turn and 
produce an anterior axial shift according to the modi-
fi ed force ratio in the haptic region. Our simulation 
experiments show a similar effect during capsular bag 
relaxation. A 0.5-mm change in r was used for maximal 
relaxation/stretching, which is larger than the in vivo 
determined shifts of the ciliary muscle center of gravity 
using three-dimensional ultrasound biomicroscopy27 
Figure 4. A-C) B-scan series exemplifying the stretching experiment. B-scan of the 1CU IOL showing the effect of equatorial stretching (max change in r 
= 0.5 mm). This stretching indicates a 10.4° angulation change and a 3.6-mm axial shift. Abbreviations: O = optic, PC = posterior capsule, H = haptic, 
AC = anterior capsule.
Figure 5. Change in angulation (left) and 
axial IOL movement (right) by lens type 
showing the effect of equatorial stretching 
respectively relaxing (mean valuestandard
deviation). A change in r of 0.5 mm is a 
decrease/increase of the equatorial radius 
of the artificial capsular bag, comparable 
with a 0.5-mm shift of the ciliary body in 
lens direction during accommodation.
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(max 0.26 mm) and magnetic resonance imaging28 
(change in r [mm] = 0.51290.00525  age [y]). With 
this unphysiological and unexpected amount of re-
laxation in humans, a 0.36-mm anterior shift was ob-
served for the 1CU caused by a haptic 10.4° angulation 
change. Using a 50-year lens and the linear regression 
of Strenk for the ciliary body displacement, a 0.25-mm 
ciliary body displacement can be assumed. A 0.28-mm 
anterior IOL shift and an angulation change of 4.3° was 
observed. For this lens, the theoretically predicted 30° 
haptic angulation change for 1-mm axial shift could 
not be achieved. Using Gullstrand’s eye model and a 
20-diopter (D) IOL placed in the capsular bag, a 1-mm 
anterior IOL shift causes a change in refraction of ap-
proximately 1.90 D in the spectacle plane.29 A 1-mm 
shift of a lens in the anterior chamber results in ap-
proximately a 1.20 D refraction change. Because the 
1CU is placed between the capsular bag and iris plane, 
a 0.28-mm anterior shift for the 1CU produced a refrac-
tion change 0.53 D.
In the in vitro model, a maximal forward shift of 
0.50 mm (9.3° haptic angulation change) for the AT-45 
lens was observed using the maximal radius change of 
0.5 mm. For 0.25-mm radius change as the expected 
value for the 50-year lens, an axial shift of 0.33 mm 
with 4.5° angulation change was found. Using Gull-
strand’s eye model, this shift of 0.33 mm causes a 
change in refraction 0.63 D. However, the measured 
shift does not correspond to the theoretical predictions 
for this lens. The AT-45 IOL was developed to transmit 
ciliary muscle activity into axial movement of the lens 
caused by ciliary muscle-induced variations in haptic 
angulation and vitreous pressure. In our model, equa-
torial changes can be simulated, but vitreous pressure 
variations cannot be simulated. Our observed anterior 
shift of the AT-45 optic therefore can only be caused 
by the modifi ed geometric ratio in the haptic region, ie, 
the in vivo potential of this lens could be larger.
Regarding the axial shift, the AT-45 performed 
0.14 mm better compared to the 1CU for 0.5-mm radial 
displacement. This is remarkable, as the changes in an-
gulation for both lenses are similar. From a geometrical 
Figure 6. A, B) Three-dimensional reconstruction and C, D) image analysis (with design drawing) of the 1CU haptic region in a 75-year-old patient 4 
months postoperatively (disaccommodation). A 6° haptic angulation compared with the relaxed IOL condition is observed.
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viewpoint, this complex effect is hard to explain and 
cannot be elucidated completely. A reason could be 
the different design of the haptic contact point to the 
capsular bag or a deformation of the IOL optic.
Ultrasonographic patterns of the IOL haptics are 
used to explain the in vivo situation in patients with 
the 1CU implant. Changes in angulation and ACD 
by four different individuals show the effect of cyclo-
pentolate and pilocarpine 4 months postoperatively 
(see Fig 8). In disaccommodation, a haptic angulation 
between 2° and 4° caused by capsular bag shrinkage 
and secondary cataract formation is visible. This could 
mean that a haptic angulation is already present in the 
disaccommodated state. Also the effect seen in patient 
3 is caused by the capsular bag shrinkage (see Fig 8). 
The IOL haptic is placed anteriorly to the IOL optic 
plane. In this case, pilocarpine treatment induced a 
posterior IOL shift (ACD = 0.4 mm).
In the cases studied, pilocarpine induced an addition-
al angulation variation between 5° and 10° for the 1CU 
IOL, which causes a change in anterior chamber depth 
between 0.2 and 0.5 mm. Using Gullstrand’s eye model, 
this 0.2-mm forward movement results in a refraction 
change 0.38 D (0.95 D for 0.5 mm of movement), de-
pending on exact IOL position. These found ACD val-
ues are smaller than the fi ndings of Langenbucher et 
al.30 A mean ACD decrease of 0.78 mm (0.49 to 1.26 mm) 
using the IOL-Master and 0.63 mm (0.34 to 1.12 mm) 
was found using ultrasound biometry after pilocarpine 
(6 months postoperatively). Our fi ndings are in agree-
ment with the results of Findl et al.17,18 Using partial 
coherence interferometry, Findl et al found a moderate 
forward movement under pilocarpine with an induced 
mean accommodative amplitude of 0.50 D. In conclu-
sion, pilocarpine-induced ciliary muscle contraction 
caused a change in haptic angulation and an anterior 
shift of the 1CU IOL, which resulted in approximately 
an estimated accommodative amplitude between 0.40 
and 0.95 D.
Pilocarpine application is an objective way of stim-
ulating accommodation as it requires no participation 
from the patient. Topical application of pilocarpine is 
advised and commonly used to stimulate accommoda-
tion.16-19,31-33 Variability in accommodation amplitudes 
is partially due to the capability and attendance of vol-
Figure 7. Change in angulation of the 1CU showing the effect of A) cyclopentolate and B) pilocarpine in a 67-year-old patient 4 months postopera-
tively. In comparison to the relaxed haptic configuration (180°), a 4° angulation (184°) could be observed using cyclopentolate. Pilocarpine induced an 
additional 10° angulation (194°). Abbreviations: S = sclera, I = iris, CB = ciliary body, H = haptic, O = optic.
Figure 8. Angulation and anterior chamber depth (ACD) by subject 
(implant 1CU) showing the effect of cyclopentolate and pilocarpine 
( = angle of difference to the relaxed haptic configuration, o = change 
under pilocarpine treatment; meanstandard deviation). Positive values 
for ACD represent a forward shift of the IOL under pilocarpine.
A B
S
I
H O
CB
S
O
H
I
CB
67
journalofrefractivesurgery.com44
Potentially Accommodating Intraocular Lenses/Stachs et al
unteers to accommodate to various kinds of stimuli. 
Using pilocarpine, this subjective component to ac-
commodation is eliminated; however, the role of pilo-
carpine must be discussed. 
Abramson et al32 measured the accommodation ef-
fect in human individuals using A-scan ultrasound. 
They determined a greater increase in axial lens di-
ameter after pilocarpine application than is possible 
with stimulus-driven accommodation. Thus, topical 
application of pilocarpine may produce overstimula-
tion of the ciliary muscle. These early results are con-
sistent with the fi ndings of Find34 and Köppl et al35 
who used dual-beam partial coherence interferometry. 
These studies have shown a difference in lens move-
ment between pilocarpine-induced and stimulus-driv-
en ciliary muscle contraction. Pilocarpine acts “physi-
ologically” in young phakics and as a superstimulus in 
presbyopic phakics and pseudophakes. Therefore, IOL 
movement and angulation change data may be overes-
timated when using pilocarpine.
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Stachs Wins Award for Studies 
of Potentially Accommodating 
Intraocular Lenses
Oliver Stachs, PhD, has won the 2005 Troutman Award and $5000 prize, funded by the Micro-surgical Research Foundation, for an article pub-
lished in the Journal of Refractive Surgery: “Potentially 
Accommodating Intraocular Lenses—An In Vitro and 
In Vivo Study Using Three-dimensional High-frequen-
cy Ultrasound” by Stachs O, Schneider H, Stave J, and 
Guthoff R [J Refract Surg. 2005;21:37-45]. The winner 
is selected by a committee of three: Editor-in-Chief of 
the Journal and the present and previous chairpersons 
of ISRS/AAO. The selection criteria include originality, 
relevance, clarity, and scientifi c rigor. Dr Stachs’ article 
scored highly in each of these categories.
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Stachs attended the University of Rostock, Germany 
where he obtained a BSc and a PhD in Physics in 1991 
and 1996, respectively. While completing his PhD, 
Stachs was a Research Assistant in the Department of 
Physics from 1992 to 1996. After receiving his PhD, he 
attended the Stanford Synchroton Radiation Laborato-
ry at Stanford University, California as a Research Fel-
low. He returned to the University of Rostock in 1997 
as a Research Associate in the Department of Ophthal-
mology and currently holds this position.
DESCRIPTION OF RESEARCH FOCUS
Stachs and colleagues’ research is based on the optics 
of the eye—accommodation, presbyopia, and restoring 
accommodation (ie, accommodative intraocular lenses, 
lens refi lling, etc). This research is conducted using im-
aging methods such as ultrasonography, three-dimen-
sional high-frequency ultrasound, confocal laser scan-
ning microscopy, and biometry. 
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tions regarding implantation of potential accommodative intra-
ocular lenses. Graefes Arch Clin Exp Ophthalmol. In press. 
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OBJECT OF THE TROUTMAN AWARD
The Troutman Award encourages and rewards an out-
standing contribution to the literature by a clinician or 
vision scientist following completion of his or her resi-
dency in ophthalmology or doctorate in vision sciences. 
The awardee must be a member of the ISRS/AAO. 
Additional Award Recipients
LIFETIME ACHIEVEMENT AWARD—Daniel S. Durrie, MD, 
Overland Park, Kansas
Honors an ISRS member who has made signifi cant, 
internationally recognized, career-long contributions 
to the advancement of refractive surgery.
BARRAQUER AWARD AND LECTURE—Carmen J. 
Barraquer, MD, Bogota, Colombia
Honors a senior physician who has made signifi cant 
contributions in refractive surgery and exemplifi es the 
character and scientifi c dedication of Jose I. Barraquer, 
MD—one of the founding fathers of refractive surgery.
LANS DISTINGUISHED AWARD—Paolo Vinciguerra, MD, 
Milan, Italy
Honors Leedert J. Lans who defi ned the basics of re-
fractive surgery. The award is given to a young innova-
tive researcher or clinician in refractive surgery.
KRITZINGER MEMORIAL AWARD—Ramon Naranjo 
Tackman, MD, Mexico City, Mexico
Honors an ISRS member who embodies the clinical, 
educational, and investigative qualities of Dr. Michiel 
Kritzinger, whose clinical research advanced the inter-
national practice of refractive surgery. 
CASEBEER AWARD—Arturo S. Chayet, MD, 
Tijuana, Mexico
Recognizes outstanding contributions to the research 
and development of refractive surgery.
FOUNDERS’ AWARD—Michael A. Lawless, MD, 
Chatswood, Australia
Recognizes the vision and spirit of the Society’s 
founders by honoring an ISRS member who has made 
extraordinary contributions to the advancement of the 
Society and its mission.
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ABSTRACT
PURPOSE: To investigate the accommodative perfor-
mance of the AT-45 (eyeonics Inc, Aliso Viejo, Calif) us-
ing three-dimensional ultrasound biomicroscopy.
METHODS: The AT-45 haptic region was visualized in 
vivo 1 month after surgery in four patients using an 
in-house developed three-dimensional ultrasound bio-
microscope. Haptic changes, axial shift, and accom-
modation amplitude were determined under pharmaco-
logically induced accommodation.
RESULTS: The angulation, depending on the accommo-
dation state, could be distinguished and analyzed. In 
vivo a mean change in haptic angulation of 3.33.3°
(range: 0° to 7°) and a mean forward shift of 0.130.08
mm (range: 0.05 to 0.2 mm) were observed for the 
AT-45 using pharmacologically induced accommoda-
tion. A mean accommodative amplitude of 0.440.24
diopters (D) (range: 0.25 to 0.75 D) was found using a 
Hartinger coincidence refractometer.
CONCLUSIONS: Minimal angulation changes and axial 
movements of the AT-45 have been demonstrated us-
ing pharmacological stimulation and objective measure-
ment methods. The mechanical performance of the 
AT-45 in these eyes does not appear to provide the 
range of accommodation necessary for close work.
[J Refract Surg. 2006;22:145-150.]
A ccommodation is the ability of the eye to project a focused image, positioned at varying distances from near to far, on to the retina. The physiological de-
crease in accommodation with age (presbyopia) is caused by a 
decrease in the elasticity of the crystalline lens, an equatorial 
diameter change of the lens, alterations in the elastic properties 
of Bruch’s membrane, and atrophy of the ciliary muscle.1 Af-
ter cataract surgery and because the implanted intraocular lens 
(IOL) optic can not change its position and/or shape, pseudo-
phakic patients cannot accommodate. However, as a result of 
a number of factors (eg, pupil size, myopic astigmatism, etc), 
some patients may have an increased depth of focus, called 
pseudoaccommodation. 
To date, lens-based pseudophakic accommodation has 
only been achieved by multifocal IOLs and by an axial shift of 
the IOL optic. This shift of the IOL optic occurs when the cili-
ary muscle contracts and induces a change in haptic confi gu-
ration. Recently, several attempts using different designs2-7 
have been made to achieve pseudophakic accommodation. 
The basic approach to achieve potentially accommodating 
IOLs is to allow an axial displacement of the IOL optic.
Quantifi cation of axial IOL movements induced by accom-
modation in humans has been performed with ultrasound3,8-10 
and with the highest resolution by using dual-beam partial 
coherence interferometry.11-14 Using coherence interferome-
try, the measurements show a mean 0.314-mm anterior move-
ment for the 1CU15 (HumanOptics AG, Erlangen, Germany) 
and a minimal posterior movement for the AT-45 (eyeonics 
Inc, Aliso Viejo, Calif).16-18
In terms of understanding the principle of so-called ac-
commodative IOLs, high frequency ultrasound19 is the only 
tool available to visualize the IOL haptic geometry hidden 
behind the iris diaphragm. Unfortunately, high frequency so-
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nographic image analysis can be diffi cult if informa-
tion from only one plane is available. The usefulness 
of three-dimensional ultrasound biomicroscopy for the 
evaluation of haptic geometry changes for the 1CU has 
been demonstrated in vivo and in vitro.20 For the AT-45 
accommodative IOL, only in vitro investigations have 
been reported previously.20 This article presents the 
three-dimensional ultrasound evaluation of pharma-
cological-induced haptic changes and accommodative 
response in patients with the AT-45 implant.
PATIENTS AND METHODS
This study was performed following the tenets of 
the Helsinki agreement. Written informed consent was 
obtained from all patients after the nature and possible 
consequences of the study were explained.
The IOL studied (AT-45) and its main properties 
have been described in detail previously.20 The patients 
returned for follow-up at 4 weeks postoperatively.
The objective refractometry was performed using a 
autorefractometer (Canon RK3; Canon, Tokyo, Japan). 
Distance visual acuity was determined using a standard 
Snellen projector system (Optostar IR-2000; Schwind, 
Kleinostheim, Germany). Near reading vision was 
determined using Birkhäuser reading charts (Scalae 
Typographicae Birkhaeuseri, Birkhäuser Verlag, Ger-
many) and an illumination of 70 cd/m2. After deter-
mining best and uncorrected far vision, near vision 
without additional near/distance correction and with 
the addition of 1.0, 2.0, 3.0, and 3.5 sphere, was 
determined. Visual acuity values were expressed in 
decimal values and logMAR.  
An in-house three-dimensional ultrasound biomi-
croscope (UBM) was used to evaluate IOL placement 
and haptic confi guration in patients with the AT-45 
implant. The principles of the UBM19 and three-di-
mensional UBM21-24 have been described in detail 
elsewhere. For this study, three-dimensional imaging 
was accomplished using a standard UBM (model 840; 
Humphrey Instruments, Carl Zeiss, Jena, Germany) ex-
tended such that precise movement of the B-scan plane 
in the z-direction could be obtained. In this arrange-
ment, three-dimensional data sets consisting of parallel 
B-scans spaced at defi ned distances could be obtained. 
The three-dimensional reconstruction was performed 
using Amira software (TGS, San Diego, Calif). Building 
three-dimensional constructs allows outlining of ana-
tomical structures in space and can be used for oblique 
reconstructions. In addition, the software package Im-
ageJ (National Institutes of Health, Bethesda, Md) and 
MatLab (The MathWorks Inc, Natick, Mass) were used 
for the evaluation of haptic confi gurations and axial 
changes in IOL position.
Three-dimensional UBM measurements were car-
ried out after pharmacologically induced accommo-
dation (two drops of pilocarpine 2% administrated in 
5-minute intervals) or disaccommodation (two drops 
of cyclopentolate 1% administrated in 5-minute inter-
vals) on 2 consecutive days 4 weeks after surgery. The 
ciliary body regions of four patients were scanned 30 
minutes after pharmacological treatment. The three-
dimensional volumes were then used to identify the 
tangential plane of the IOL haptic; an oblique recon-
struction is possible to perform the biometric measure-
ments. As in an earlier study of angulation determina-
tion,20 the center of rotation was placed at the fulcrum 
and the angle between the IOL optic and haptic was 
measured using the anterior IOL interface. An angle of 
157° was used as baseline and set to zero. Positive val-
ues in angulation represent an anterior vaulting, and 
negative values represent a posterior vaulting. Changes 
in haptic angulation and the IOL shift were analyzed 
(meanstandard deviation) using fi ve B-scans for each 
accommodative state and for all patients. Positive val-
ues for change in anterior chamber depth represent 
a forward shift of the IOL. Additionally, the accom-
modative amplitude was measured objectively using a 
Hartinger coincidence refractometer when accommo-
dation was stimulated.
RESULTS
The three-dimensional reconstruction and the inter-
active selection of sections across the haptic as well as 
a photographic image are shown in Figure 1. In this ex-
ample, the optic and the haptic can be differentiated. 
The echo patterns are caused by the polyimide con-
struction of the plate haptic. The posterior lens surface 
can be imaged, whereas this interface cannot always be 
seen under different scanning directions. The point # 
acts as the fulcrum and is used as the center of rotation 
for angulation determination.
The echo characteristics of the AT-45 were used to 
describe the in vivo situation in four patients with ac-
commodative implants 4 weeks after surgery. Figure 1 
shows the haptic region of a 71-year-old woman after 
pilocarpine instillation. A haptic angulation of 33° (un-
corrected 190°) compared with the relaxed IOL haptic 
(0°, uncorrected 157°) is seen in this case. 
For a descriptive visualization of changes in angu-
lation depending on the accommodation state, corre-
sponding UBM sections were superimposed. Figure 2 
demonstrates the situation under cyclopentolate (red) 
superimposed on a UBM section under pilocarpine 
stimulation (grey) for patients 1 and 2. Pilocarpine in-
duced an additional angulation change in patient 1 (Fig 
2A) and no changes for patient 2 (Fig 2B) compared 
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with the confi guration after cyclopentolate treatment. 
The pilocarpine instillation causes a forward shift in 
patient 1 and no changes in patient 2.
The results of the four eyes are summarized in Figure 3. 
Under cyclopentolate, a haptic angulation between 10° 
and 26° was found. A mean change in haptic angulation 
of 3.33.3° (range: 0° to 7°) and a mean forward shift of 
0.13 mm (range: 0.06 to 0.2 mm) were observed under 
pilocarpine treatment. An accommodative amplitude of 
0.440.24 diopters (D) (range: 0.25 to 0.75 D) was found 
in the four eyes using a Hartinger coincidence refrac-
tometer. Postoperative 4-week follow-up is provided 
in the Table.
DISCUSSION
To date, high frequency ultrasound is the only tool 
available to visualize the IOL haptic geometry hidden 
behind the iris diaphragm. The biometric analysis of 
these images becomes diffi cult, if information from 
only one B-scan section is available. Undefi ned tilting 
effects may infl uence biometric measurements con-
cerning the analysis of haptic confi gurations. Three-
dimensional ultrasound biomicroscopy in combina-
tion with volume rendering software is a useful tool 
for examining lens position and haptic confi gurations 
especially for the evaluation of accommodating IOLs. 
The possibilities of the 1CU and AT-45 for in vitro use 
have been published previously.20 
The AT-45 is a single-piece IOL with an overall length 
of 10.5 mm. The model has a 4.5-mm square edge optic 
that is joined with a hinge to silicone plate haptics. The 
optic is made from silicon elastomer, a third-genera-
tion silicone with ultraviolet-blocking properties. The 
lens has fl exible hinged plate haptics with two poly-
imide loop extensions at the end of each plate. These 
components are well differentiated by high frequency 
ultrasound (see Fig 1). In theory, the hinged haptics are 
designed to allow the lens optic to move in an axial di-
rection during accommodation.
Theoretically, the lens was designed to remain in a 
Figure 1. A-C) Three-dimensional recon-
struction and D) image analysis of the 
AT-45 haptic region (patient 1: 71-year-old 
woman, 4 weeks after surgery, pilocarpine-
induced accommodation). The fulcrum is 
marked (#). The optic (O) and haptic (H) 
are well differentiated, whereas the echo 
pattern (*) is caused by the polyimide 
construction of the AT-45 plate haptic. The 
157° angle for the relaxed haptic configura-
tion was set to zero for angulation change 
determination. A haptic angulation of 33° 
(uncorrected 190°) compared with the 
relaxed IOL haptic is observed. O = optic, 
H = haptic, * = polyimide construction, 
# = fulcrum, I = iris, CB = ciliary body
Figure 2. Superimposed UBM sections 
showing the effect of cyclopentolate and 
pilocarpine in two patients—A) patient 
1, 71-year-old woman and B) patient 2, 
77-year-old woman. The disaccommodated 
state after cyclopentolate treatment (red) 
and under pilocarpine stimulation (grey) is 
shown. S = sclera, I = iris, CB = ciliary 
body, H = haptic, O = optic
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posteriorly vaulted position to optimize the haptic fl ex-
ing characteristics. Within the scope of our investiga-
tions, we have not found this vaulting posteriorly. We 
have found the lens relatively centered in the bag in the 
axial direction (patients 2 and 4) with a distinct vaulting 
anteriorly (patients 1 and 3). In disaccommodation, a 
haptic angulation between 10° and 26° is observed (see 
Fig 3). The strong anterior vaulting seen in patient 1 (see 
Figs 1 and 2A) may be caused by capsular bag shrinkage 
or by an undersized capsular bag.
Subjective measurement of accommodation ampli-
tudes is due to the capability and motivation of vol-
unteers to accommodate to various kinds of stimuli.25 
Pilocarpine application is an objective way of stimulat-
ing accommodation as it requires no participation from 
the patient and was used for this study. This is a rec-
ommended and commonly used method to stimulate 
accommodation.11-14,16,17,26,27 However, the role of pilo-
carpine should be discussed critically in this context. 
Abramson et al27 measured human accommodation 
and determined a greater increase in axial lens diam-
eter after pilocarpine application than is possible with 
stimulus-driven accommodation. Thus, topical appli-
cation of pilocarpine may produce an overstimulation 
of the ciliary muscle. Findl17 and Köppl et al28 found a 
difference in lens movement between pilocarpine-in-
duced and visual stimulus-driven ciliary muscle con-
traction: pilocarpine acts “physiologically” in young 
phakics and as a super stimulus in presbyopic phakics 
and pseudophakes. Therefore, pilocarpine instillation 
can be used for a biometrical evaluation of potential 
accommodative IOLs although the accommodative re-
sponse may be overestimated with pilocarpine.
For the AT-45, the proposed mechanism is that ac-
commodation restoration occurs through the ciliary mus-
cle activity. The manufacturer has developed the lens to 
provide good vision at all distances by moving backward 
and forward along the optical axis of the eye in response 
to pressure changes in the vitreous and anterior chamber. 
In the cases studied, pilocarpine induced an angulation 
change between 0° and 7° (mean 3.33.3°) compared 
with the situation under cyclopentolate. The angulation 
change causes a change in anterior chamber depth be-
tween 0.06 and 0.2 mm (mean 0.130.08 mm).
Figure 3. Change in angulation (°) and anterior chamber depth (ACD 
[mm]) as well as accommodation amplitude (D) in all patients showing 
the effect of cyclopentolate (cross) and pilocarpine (circle). Positive val-
ues for change in anterior chamber depth represent a forward shift of the 
IOL. Positive values in angulation represent an anterior vaulting. 
TABLE
Postoperative 4-week Follow-up of Four Eyes that Underwent 
Implantation of an AT-45 IOL
Far Vision 
(decimal/logMAR)
Near Vision
 (decimal/logMAR)
Patient 
No.
Age
(y)
IOL
Power
Preop
BSCA
Postop 
UCVA
Postop 
BSCVA Rfx Postop*
Postop 
BSCVA in 
35 cm
Near
Addition
(D)
ACD
(mm)
ACD
(mm)
Accommodative
Amplitude (D)†
1 71 24 0.5/0.3 0.6/0.22 0.8/0.1 1 0.2/0.7 0.9/0.05 3.00 4.01 0.20  0.5
2 77 23 0.1/1.0 0.7/0.16 0.8/0.1 0.5 0.3/0.53 0.8/0.1 2.75 4.57 0.06  0.25
3 70 23.5 0.5/0.3 0.7/0.16 1/0 1 0.2/0.7 1/0 2.75 4.68 0.20  0.25
4 62 23 0.6/0.22 0.8/0.1 1.25/0.1 0.5 0.3/0.53 1.25/-0.1 2.25 4.93 0.05  0.75
BSCVA = best spectacle-corrected visual acuity, UCVA = uncorrected visual acuity, Rfx = refraction, ACD = anterior chamber depth, ACD = change in anterior 
chamber depth
*With far distance correction.
†After drug-induced stimulation.
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Using Gullstrand’s eye model and a 20.0-D IOL placed 
in the bag, the observed maximal 0.2-mm forward move-
ment results in a refraction change 0.4 D, depending 
on the exact IOL position.29 The cases studied showed a 
maximal accommodation response of mean 0.440.24 D 
(range: 0.25 to 0.75 D) measured by a Hartinger coinci-
dence refractometer. This value is slightly larger than 
the calculated values using Gullstrand’s eye model, 
possibly caused by individual pseudoaccomodative ef-
fects (eg, pupil size, myopic astigmatism, etc). 
Pilocarpine-induced ciliary muscle contraction 
caused a slight change in haptic angulation and an an-
terior shift of the AT-45 in these four eyes. This slight 
change in angulation and the anterior shift resulted in 
an accommodative amplitude between 0.25 and 0.75 D. 
Therefore, in these four eyes, the AT-45 did not seem to 
provide the range of accommodation necessary for close 
work. We expect that capsular fi brosis and capsular bag 
shrinkage result in a hardening of the haptic and optic 
in the capsule, resulting in further decrease of the ac-
commodative performance later postoperatively.
Our fi ndings in accommodation amplitude and ax-
ial shift are larger than the objective measurements of 
Findl and Menapace.16-18 Using partial coherence in-
terferometry, Findl et al16,17 found a small but signifi -
cant backwards movement under pilocarpine without 
an accommodative ability for the AT-45. These results 
and our objective measurements in these four patients 
can not explain the published results30-32 reporting ex-
cellent visual acuity with accommodative ability after 
AT-45 implantation.
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Performance of the Crystalens
To the Editor:
The small series of four cases presented in the article 
by Stachs et al1 as evidence that the Crystalens (eyeon-
ics Inc, Aliso Viejo, Calif) does not move adequately 
to provide accommodation are atypical. The sweep-
ing conclusions of the article cannot be supported by 
such a small series, especially when the data confl ict 
with the fi ndings of large, prospective, controlled mul-
ticenter studies.
As the developer of the Crystalens, I, with Jochen 
Kammann, evaluated seven lens designs over 8 years. All 
designs demonstrated anterior movement by A-scans.2
As a consultant to eyeonics Inc, I have seen hundreds 
of eyes implanted with the Crystalens in many parts 
of the world. Through that experience, it has become 
clear that successful accommodation with the lens re-
lies on good surgical technique, particularly regarding 
the creation of an appropriately sized capsulorrhexis. 
This technique is taught in our surgical training cours-
es, which are a prerequisite for surgeons to implant the 
lens.
The authors’ fi nding of anterior vaulting of the lens 
suggests that the eyes suffered from overly large capsu-
lorrhexis. In my clinical experience, I have never seen 
the lens anteriorly vaulted when properly implanted, 
with good cortical cleanup and a suitable capsulor-
rhexis. The Crystalens depends on a posterior vault to 
function properly; the images in the article that show 
the optic up against and deforming the posterior iris 
surface indicate a severe anterior vault. This is a recog-
nized complication, which can occasionally occur and 
can easily be treated.
To suggest that measurements of eyes with anterior 
vaults can be used to describe the clinical function of 
the lens is absurd. Had the authors entitled their ar-
ticle, “Diminished Movement of the Crystalens With 
Improper Positioning,” then the article might make 
more sense. A Scheimpfl ug photograph of the Crys-
talens AT-45 one day postoperative shows the proper 
position of the lens with a posterior vault (Fig). The 
posterior vaulting is obvious on slit-lamp examination. 
This position permits anterior excursion and accom-
modation. Anterior vaulted lenses, such as those re-
ported by Stachs et al, have no place to go.
The clinical trial that led to the US Food and Drug 
Administration (FDA) approval of the Crystalens was a 
prospective, multicenter, controlled study conducted 
under strict oversight. Results showed that the lens 
provided approximately 1 diopter more monocular 
accommodation than a standard lens and signifi cant-
ly outperformed the monofocal intraocular lenses at 
intermediate and near distances. Subsequent studies 
have measured Crystalens movement and accommo-
dation using pharmacologically induced accommoda-
tion3,4 (Burrato L, unpublished data), movement with 
natural accommodation (no medications) (DiChiara, 
unpublished data), dynamic retinoscopy,3,4 and wave-
front measurements,5,6 and have all confi rmed the FDA 
study fi ndings. The lens has been implanted in 45,000
eyes and our registry data of 1500 eyes show that the 
post-approval results are similar to the FDA studies.
We believe the Stachs et al article reported abnormal 
fi ndings in eyes with poorly managed complications. 
There has been one other article that reported the lens 
to move backward.7 This article relied on measurements 
from “in-house developed” imaging, similar to Stachs et 
al, and relied on fi ndings in very early cases that probably 
had unrecognized anterior vaults. Both articles make the 
mistake of generalizing about overall performance from 
too few cases, and both papers failed to include represen-
tative samples. This is not good science.
Forward displacement of the Crystalens probably 
accounts for most of the accommodation that it pro-
vides. Lens fl exing (“accommodative arching”) also 
plays a role,8 as do the excellent optics inherent in the 
lens design. The current Crystalens is an early design 
that will certainly improve over time. It provides an 
attractive alternative to patients seeking good distance, 
intermediate, and near acuity without the loss of vi-
sual quality that occurs with multifocal lenses.
J. Stuart Cumming, MD, FACS, FRCOphth
Aliso Viejo, California
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Reply:
We thank Dr Cumming for his comments; however, 
his concerns seem more hypothetical than factual. 
Cumming states that the fi ndings of our four cases 
are atypical. As clearly stated in our article, the bio-
mechanical performance (optic shift) of the Crystalens 
(eyeonics Inc, Aliso Viejo, Calif) in the eyes studied 
does not appear to provide the range of accommodation 
necessary for close work. This is not a generalization 
and not in confl ict with the fi ndings of the large, pro-
spective, controlled multicenter studies using subjec-
tive methods for determination of the accommodation 
range named, but not cited, by Cumming in his letter. 
In this context, we discuss the difference between true 
accommodation and pseudoaccommodation. A for-
ward shift of the Crystalens under accommodation is 
supposedly mediated by an increase in vitreous pres-
sure as a result of a mass redistribution under ciliary 
muscle contraction as postulated by Coleman.2 This 
lens is reported,3 and affi rmed in Cumming’s letter, to 
result in excellent uncorrected distance and near vi-
sual acuity. However, psychophysical assessment for 
proof of true pseudophakic accommodation by optic 
shift of an accommodating intraocular lens (IOL) is 
problematic because it is dependent mainly on depth 
of focus or pseudoaccommodation. The latter are in 
turn infl uenced by numerous factors such as pupil 
size, astigmatism, and multifocality. The basic need for 
an objective method that assesses IOL shift or haptic 
angulation during ciliary muscle contraction is obvi-
ous. Several methods exist to measure accommodation 
objectively,4 which include stimulating accommoda-
tion with trial lenses or pilocarpine and measuring the 
accommodative response with an objective optometer 
(Hartinger coincidence refractometer), partial coher-
ence interferometry (AC-Master; Zeiss Meditec, Jena 
Germany), and high frequency ultrasound.
Cumming states that the fi ndings in our study are 
abnormal fi ndings in eyes with poorly managed com-
plications. A justifi cation of this assumption is not 
named. All surgeries were performed by a surgeon 
with long-term experience in implanting a large vari-
ety of IOL styles. The decision to provide the patients 
with a capsulorrhexis that ensures a small overlap be-
tween the anterior capsule and the IOL optic rim was 
based on proven knowledge that allowing a capsule 
bend to form at the sharp posterior optic edge will 
reduce regeneratory posterior capsule opacifi cation. 
Analogous to our fi ndings Koeppl et al5 found eyes 
that showed a pronounced posterior vaulting of the 
IOL with a gap between the capsulorrhexis and the 
anterior IOL surface and other eyes showed contact 
between the anterior capsule and the IOL surface, in-
cluding cases of partial button hole. Obviously, the 
reason for this variability in IOL position found in 
our study1 and Koeppl et al5 may be the variability 
in capsular bag diameter or inter-patient differences 
in capsular bag shrinkage and fi brosis. These effects 
are supported by the clinical fi ndings of Jardim et al,6
with an asymmetric vault of the Crystalens, and by 
Cazal et al.7 Cazal et al reported a complication (in-
creased astigmatism, decreased visual acuity) after 
AT45 implantation caused by tilting. Intraocular lens 
repositioning was unsuccessful because of fi brosis of 
the haptics and the IOL was replaced with a monofo-
cal acrylic sulcus-fi xated IOL.
Cumming cites a letter he coauthored with Kam-
mann that all Crystalens designs show anterior optic 
movement.8 But Kammann9 also noted that he did not 
achieve the good results (Nieden 4 or better) found in 
the US Food and Drug Administration (FDA) study. 
Cumming criticizes a second study,10 which used 
partial coherence interferometry. These results were 
published in the peer-reviewed literature5 and show 
an objectively measured backward movement of the 
Crystalens during accommodation. The method used, 
partial coherence interferometry, is not an imaging 
method as stated by Cumming but a high precision 
method for anterior segment biometry11,12 incorpo-
rated in a commercially available device (AC-Master). 
The authors have done nothing more than measure 
the position of the IOL optic in different accommoda-
tive states. The same principle was used in our recent 
articles1,15 to check the postulated angulation of the 
IOL haptics by high frequency ultrasound (UBM 840, 
Zeiss-Humphrey). To identify the position as accurate-
ly as possible, a previously evaluated13-18 method for 
three-dimensional scanning was used.
In conclusion, we agree with Cumming that the 
Crystalens is an early design. It certainly needs im-
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provement over time. We disagree with his comment 
about bad science. Cumming cites presentations and 
unpublished data and no peer-reviewed literature to 
substantiate his criticism. The acceptance of scientifi c 
ideas should be based on a process of publication and 
peer review. Cumming ends with expressing his feel-
ings that this lens provides an attractive alternative to 
patients compared with multifocal lenses, who also are 
seeking good near visual acuity. This is remarkable, 
because the FDA mentions that the lens19 is intended 
for near vision without spectacles, but has approved 
the lens for labeling of having an accommodation am-
plitude of approximately 1.0 diopter. And that is de-
fi nitively not enough for good near visual acuity.
We agree with the comment by Findl and Menapace 
in their response20 to the letter by Dell regarding their 
article about the pilocarpine-induced shift of the Crys-
talens5: “Development of a novel IOL should be done 
in a step-by-step manner, however, and with accumu-
lation of real evidence derived from randomized con-
trolled trails, which the company have yet to publish.” 
Additionally, objective measurement methods should 
be used to separate accommodation from pseudoac-
commodation.
Sir Karl Popper (1902-1994): “Some genuinely test-
able theories, when found to be false, are still upheld 
by their admirers—for example by introducing ad hoc 
some auxiliary assumption, or by reinterpreting the 
theory ad hoc in such a way that it escapes refutation. 
Such a procedure is always possible, but it rescues the 
theory from refutation only at the price of destroying, 
or at least lowering, its scientifi c status.”21
Oliver Stachs, PhD 
Rudolf Guthoff, MD
Rostock, Germany
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Changes of the accommodative amplitude
and the anterior chamber depth
after implantation of an accommodative
intraocular lens
Abstract Background: Modern cat-
aract surgery is interested in recovery
of the accommodative power. This
investigation aimed at determining
pseudophakic accommodation in
subjects implanted with the accom-
modative Human Optics 1 CU intra-
ocular lens after drug-induced ciliary
muscle stimulation by measuring the
objective refraction and the changes
in anterior chamber depth in compar-
ison with a PMMA intraocular lens
with rigid haptics. Methods: The
studied sample involved 30 eyes of
30 patients undergoing cataract
surgery due to age-related cataract.
Patients were between 50 and
77 years of age (67.71±8.0). No
randomization was performed. The
1 CU accommodative intraocular lens
and the PMMA intraocular lens were
implanted in 15 eyes of patients with
an expected visual acuity of at least
0.7. Objective refraction under pilo-
carpine-stimulated ciliary muscle
contraction was determined with a
Hartinger coincidence refractometer.
The anterior chamber depth was
measured with Jäger’s Haag–Streit
slit-lamp attachment. The accommo-
dative amplitude and the anterior
chamber flattening were calculated
from the measured values. Results:
Twelve weeks after surgery the aver-
age accommodative amplitude in eyes
with a 1 CU intraocular lens calcu-
lated from the refractive change under
drug-induced stimulation was 0.48±
0.36 D (with a maximum of 1.25 D).
The measured change of anterior
chamber depth under drug-induced
stimulation was 0.3±0.32 mm (at a
maximum of 0.9 mm). In the refer-
ence group with PMMA lenses, the
mean accommodative amplitude
derived from the refractive changes
under drug-induced stimulation was
0.34±0.27 D (at a maximum of
0.85 D). The measured change in an-
terior chamber depth under drug-in-
duced stimulation was 0.18±0.09 mm
(at a maximum of 0.31 mm). No
statistically significant differences
were found between the two groups of
lenses concerning change in anterior
chamber depth and accommodative
amplitude. Conclusions: This inves-
tigations indicate a mean anterior 1 CU
shift of only 0.32 mm and a maximum
of 0.9 mm. The accommodative am-
plitudes measured with the Hartinger
coincidence refractometer (mean value
0.47 D) correspond to these values.
Similar conclusions may be drawn
from existing investigative results of
the reference group, which are on the
same order of magnitude as those of
the 1 CU group. Objective accommo-
dation measurements are needed to
evaluate commercially available ac-
commodative intraocular lenses in a
scientifically satisfactory manner.
Objectively measurable parameters
include changes of the anterior cham-
ber depth as well as refraction, as
determined for instance by coinci-
dence refractometry and streak reti-
noscopy. Future studies should also
consider the IOL properties, astigma-
tism, and pupillary diameter. This is
the only way to identify pseudoac-
commodation and a decisive factor for
further development of accommoda-
tive artificial lenses.
H. Schneider (*) . O. Stachs .
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Introduction
In recent years, modern cataract surgery has seen consider-
able improvement and change. For a long time presbyopia
was considered to be an age-related, inevitable decline, but
now research is interested in recovery of the accommoda-
tive power in conjunction with cataract surgery.
The term “accommodation” pertains to the eye’s ability
to adjust to an object at any given distance, projecting this
object onto the retina where it creates a focused image. The
refractive setting of the optical system of the eye is adjusted
either by removing the projection plane further from the
focal plane, or by changing the focal distance of the imaging
system. Thus, on the one hand, the distance between the
retina and the lens may change during accommodation. On
the other hand, the focal distance may change with the radii
of curvature or the refractive indices of the structures in-
volved in imaging. In comparison, pseudoaccommodation is
the phenomenon of exact perception of objects at varying
distances without ocular focusing. Factors such as narrow
pupils or simple myopic astigmatism play a role in this con-
text. The phenomenon of pseudoaccommodation is observed
in phakic, pseudophakic, and aphakic eyes [5, 14, 24, 38].
True pseudophakic accommodation is caused by ciliary
muscle contraction.
The only currently available method of attaining pseu-
dophakic accommodation involves effecting refractive
changes by moving the optical system of the artificial
lens along the optical axis, which is made possible by
flexible haptics. Examples of accommodation mechanisms
based on lens shifting are found among animals [9]. Ac-
cording to Gullstrand’s eye model, a 1-mm shift of the arti-
ficial lens optics corresponds to a vertex refractive change
of approximately 1.3 D [13]. So-called accommodative
intraocular lenses are now commercially available from
three manufacturers.
True pseudophakic accommodation (excluding pseu-
doaccommodative phenomena) may be quantified by mea-
suring objective refractive changes as well as changes in
anterior chamber depth during accommodation. Ciliary
muscle contraction may be effected by near stimulation or
by administering appropriate drugs.
This investigation aimed at determining pseudophakic
accommodation in subjects implanted with the accommo-
dative Human Optics 1 CU intraocular lens after drug-in-
duced ciliary muscle stimulation by measuring the objective
refraction and the changes in anterior chamber depth in
comparisonwith a PMMA intraocular lenswith rigid haptics.
Patients and method
The 1 CU study group
The studied sample involved 15 eyes of 15 patients un-
dergoing surgery between May and September 2002 at
Rostock University Eye Clinic due to age-related cataract.
Patients were between 50 and 77 years of age (67.7±8.0).
No randomization was performed. The 1 CU accommoda-
tive intraocular lens was implanted only in the eyes of
patients with an expected visual acuity of at least 0.7
(retinometer vision). The refractive power of the implanted
lenses was between +18.0 D and +24.0 D.
Patients more than 50 years of age and those with vision-
impairing retinal or corneal diseases, optic neuropathies,
preceding perforating injuries or intraocular surgery, chron-
ic or relapsing uveitis, biomicroscopically detectable zon-
ular defects were excluded, as were those who complied
inadequately with subsequent check-ups.
After creation of a 5.0-mm capsulorrhexis and phakoe-
mulsification of the lens via the corneoscleral tunnel, the
accommodative artificial lens (Human Optics 1 CU) was
implanted into the capsular bag. The corneoscleral incision
size was 3 mm.
The reference group
The reference group included 15 eyes of 15 patients
undergoing surgery between March and October 2002 at
Rostock University Eye Clinic due to age-related cataract.
Patients were aged between 64 and 89 years (78.1±7.3).
In this case, the inclusion and exclusion criteria were the
same as those for the 1 CU group. The patients in the ref-
erence group, after phakoemulsification of the lens via a
corneoscleral tunnel, received a PMMA intraocular lens
(Bausch & Lomb 75 ST6) that was implanted into the
capsular bag. The corneoscleral incision size was 6 mm.
The refractive power of the implanted lenses was between
+16.0 D and +26.0 D.
Postoperative investigations
The patients of the 1 CU group returned for check-ups at 6
and 12 weeks postoperatively, while the reference group
was reexamined only once, 12 weeks after surgery.
At first, the objective refractometry was performed using
an autorefractometer (Canon RK3). Distance visual acuity
was determined using a standard Snellen projector system
(Schwind Optostar IR-2000, Germany). Near reading
vision was determined using Birkhäuser reading charts
(Scalae Typographicae Birkhaeuseri, Birkhäuser Verlag)
and an illumination of 70 Cd/m2. After determination of the
best-corrected and the uncorrected far vision, near vision
was determined without additional near correction and with
addition of +1.0, +2.0, +3.0, and +3.5 sph respectively.
Visual acuity was expressed in decimal values and logMAR
units. A slit-lamp examination was performed. Subse-
quently, two drops of cyclopentolate 1%were administered,
one 5 min after the other. Thirty minutes later, objective
refraction and anterior chamber depth were measured. On
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the next day each patient received two drops of pilocarpine
2%, again at a 5-min interval. Approximately 30 min later,
both the objective refraction and the anterior chamber depth
were determined once more. The measurements obtained
after pilocarpine administration were supposed to reveal a
pupillary diameter between 2.0 and 2.5 mm. However, none
of the patients attained this pupillary diameter during the
30-min waiting time. The waiting time was extended to a
maximum of 45 min if after 30 min the pupil was still wider
than 2.5 mm.
Objective refraction was determined with a Hartinger
coincidence refractometer, which is based on Scheiner’s
principle of the coincidence of certain patterns of lines on
the retina; the primary issue, therefore, is not the focusing
on a test mark, but merely this coincidence of a pattern of
lines. At a pupillary diameter of >2 mm, measurements
performed with a Hartinger coincidence refractometer
could be obtained in a measuring range between +15.5
and −28.5 D. In each case, three of the measuring results
were averaged to yield a mean value.
The anterior chamber depth was measured with Jäger’s
Haag–Streit slit-lamp attachment. In this case, doubling of
the image is effected by shifting two glass plates in a plane-
parallel configuration, so that equal parts protrude from
above and from below into the path of the rays. The image-
splitting eyepiece uses a prism effect to guide one half of
these individual images into the upper half of the field of
vision and the rest into the lower half. The measuring
points lying in the optical split field are then brought into
coincidence. A better depth of field of the slit image is
attained by using a slit diaphragm, which makes it possible
to select a wider slit illumination. The corneal epithelium
and the anterior surface of the lens were designated as
measuring points. Another slit-lamp attachment was used to
measure the corneal thickness, which was then subtracted
from the measured value. In each case, three measurements
were obtained and averaged to yield a mean value. The
accommodative amplitude and the anterior chamber flat-
tening were calculated from the measured values.
Statistical analysis of the results was performed using
MatLab 6.5 (The MatWorks, USA). Data are presented as
mean±standard deviation. Differences between data were
determined by the Wilcoxon rank sum test and p values less
than 0.05 were considered statistically significant.
Results
In all cases, both the accommodative and the PMMA
intraocular lenses were implanted into the capsular bags
Table 1 Results 6 weeks after implantation of an accommodative IOL (Human Optics 1 CU). VF preOP preoperative, best corrected far
vision; VF post sc uncorrected postoperative far vision; VF post cc best-corrected postoperative far vision; Refraction spherical equivalent of
the optimum postoperative distance correction in diopters; VN post sc postoperative near vision with distance correction; VN post cc best-
corrected near vision in 35 cm; Near addition optimum near addition in diopters; Accommodative amplitude accommodative amplitude after
drug-induced stimulation in diopters; ACD change change of the anterior chamber depth; MW mean value; SD standard deviation
Age
(years)
VF preOP
(dec/logMAR)
VF post sc
(dec/logMAR)
VF post cc
(dec/logMAR)
Refraction VNpost sc
(dec/logMAR)
VNpost cc
(dec/logMAR)
Near
addition
Accommodative
amplitude
ACD
change
1 74 0.4/0.4 0.8/0.1 1.25/−0,1 −1 0.4/0.4 1.25/−0,1 2.5 0.75 0.56
2 71 0.2/0.7 0.5/0.3 1/0 0.5 0.2/0.7 1/0 3 0.5 0.1
3 58 0.5/0.3 0.9/0.05 1/0 −0.5 0.3/0.53 1/0 3 0.5 0.13
4 72 0.3/0.53 0.8/0.1 0.8/0.1 0 0.1/1.0 0.7/0.16 3.5 0 0.03
5 66 0.5/0,3 0.8/0.1 1/0 −0.75 0.3/0.53 1/0 3 0.25 0.2
6 75 0.4/0.4 0.4/0.4 0.8/0.1 −0.5 0.2/0.7 1/0 3 0.5 0.05
7 69 0.5/0.3 1/0 1/0 −0.5 0.2/0.7 0.8/0.1 3.5 0 0.08
8 55 0.7/0.16 1/0 1.25/−0,1 −0.25 0.3/0.53 0.8/0.1 3.5 1 0.9
9 66 0.6/0.22 0.8/0.1 0.9/0.05 −0.25 0.2/0.7 1/0 3 0.25 0.05
10 66 0.6/0.22 0.8/0.1 1.25/−0,1 −0.5 0.4/0.4 1.6/−0.2 2 0.25 0.12
11 71 0.7/0.16 0.7/0.16 0.9/0.05 −0.75 0.5/0.3 1/0 2 0.75 0.9
12 72 0.5/0.3 0.9/0.05 0.9/0.05 −1 0.4/0.4 1/0 2 1.25 0.7
13 72 0.4/0.4 0.7/0.16 1.25/−0,1 −0.75 0.3/0.53 1/0 3 0.25 0.1
14 77 0.4/0.3 0.9/0.05 1.25/−0,1 −0.5 0.4/0.4 1.25/−0.1 2 0.75 0.5
15 76 0.3/0.53 0.9/0.05 1/0 −0.5 0.3/0.53 1/0 3 0.25 0.1
MW 69.3 0.48/0.35 0.79/0.11 1.04/−0.01 −0.48 0.3/0.56 1.02/0 2.8 0.48 0.30
SD 6.28 0.15/0.15 0.17/0.10 0.17/0.07 0.38 0.11/0.17 0.19/0.01 0.56 0.36 0.32
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without any complications. Recovery, too, was normal for
all patients. Eccentricities or deformations, especially in the
accommodative intraocular lenses, were not observed. At
12 weeks postoperatively, one patient in the 1 CU group
and two patients in the reference group revealed a minor
regenerative secondary cataract without objectifiable vi-
sion impairment (patient 5 in the 1 CU group and patients 4
and 7 in the reference group).
The Human Optics 1 CU group
After 6 weeks, the best-corrected far vision was −0.01
logMAR (1.04±0.17 in decimal values) at a remaining
refraction of −1.0 to +0.5 D (−0.48±0.38). Near vision
without additional near correction was 0.56 logMAR (0.3±
0.11 in decimal values); the value with optimum near
correction was 0 logMAR (1.02±0.19 in decimal values).
An average near correction of +2.8±0.56 D was obtained
subjectively.
The average accommodative amplitude calculated from
the refractive change under drug-induced stimulation was
0.48±0.36 D (with a maximum of 1.25 D). The measured
change of anterior chamber depth under drug-induced
stimulation was 0.3±0.32 mm (at a maximum of 0.9 mm).
The values 12 weeks postoperatively largely corre-
spondedwith those of the 6-week check-up. The parameters
of the individual patients are shown in Tables 1 and 2.
The reference group
In the reference group, the best-corrected far visual acuity
12 weeks postoperatively was also 0.01 logMAR (0.99±
0.15 in decimal values) at a remaining refraction of −0.75
to +0.75 D (−0.12±0.49). Near vision without additional
near correction was 0.44 logMAR (0.39±0.12 in decimal
values); while with optimum near correction it was 0.03
logMAR (0.95±0.15 in decimal values). Subjectively, an
average near correction of +2.67±0.56 D was obtained.
The mean accommodative amplitude derived from the
refractive changes under drug-induced stimulation was
0.34±0.27 D (at a maximum of 0.85 D). The measured
change of anterior chamber depth under drug-induced stim-
ulation was 0.18±0.09 mm (at a maximum of 0.31 mm).
The parameters of the individual patients are listed in
Table 3. Using Wilcoxon rank sum test the medians in
refraction power of the two IOL groups are not significantly
different (p=0.83). No statistically significant differences
have been found between the 1-CU and the control group
concerning the change in anterior chamber depth (p=0.07)
and accommodative amplitude (p=0.17) under pharmaco-
logical stimulation. There has not been found any correla-
tion between the refraction power of the used 1 CU IOLs
and their accommodative effect, based on the of a linear
correlation (R2=0.005, linear model).
Table 2 Results 12 weeks after implantation of an accommodative IOL (Human Optics 1 CU). For explanation of abbreviations see Table 1
Age
(years)
VF preOP
(dec/logMAR)
VF post sc
(dec/logMAR)
VF post cc
(dec/logMAR)
Refraction VN post sc
(dec/logMAR)
VN post cc
(dec/logMAR)
Near
addition
Accommodative
amplitude
ACD
change
1 74 0.4/0.4 0.8/0.1 1.25/−0.1 −1 0.4/0.4 1.25/−0.1 2.5 0.75 0.7
2 71 0.2/0.7 0.5/0.3 0.9/0.05 0.5 0.2/0.7 0.9/0.05 3 0.75 0.4
3 58 0.5/0.3 0.9/0.05 1/0 −0.5 0.3/0.53 1/0 3 0.5 0.13
4 72 0.3/0.53 0.9/0.05 1/0 0 0.1/1.0 1/0 3.5 0 0.03
5 66 0.5/0.3 1.25/−0.1 1.25/−0.1 −0.75 0.3/0.53 1.25/−0.1 3 0.5 0.2
6 75 0.4/0.4 0.5/0.3 0.7/0.16 −0.5 0.2/0.7 0.7/0.16 3 0.38 0.1
7 69 0.5/0.3 1/0 1/0 −0.5 0.2/0.7 0.8/0.1 3.5 0 0.08
8 55 0.7/0.16 1/0 1.25/−0.1 −0.25 0.3/0.53 0.8/0.1 2.5 0.75 0.7
9 66 0.6/0.22 0.8/0.1 0.9/0.05 −0.25 0.2/0.7 0.9/0.05 3 0.5 0.25
10 66 0.6/0.22 0.8/0.1 1.25/−0.1 −0.5 0.4/0.4 1.6/−0.2 2 0.25 0.12
11 71 0.7/0.16 0.7/0.16 0.9/0.05 −0.75 0.5/0.3 1/0 2 0.75 0.7
12 72 0.5/0.3 0.9/0.05 0.9/0.05 −1 0.4/0.4 1/0 2 1 0.7
13 72 0.4/0.4 0.6/0.22 1.25/−0.1 −0.75 0.3/0.53 1/0 3 0.25 0.1
14 77 0.6/0.22 0.9/0.05 1.25/−0.1 −0.5 0.4/0.4 1.25/−0.1 2 0.75 0.55
15 76 0.3/0.53 0.9/0.05 1/0 −0.5 0.3/0.53 1/0 3 0.25 0.1
MW 69.3 0.48/0.35 0.83/0.1 1.05/−0.02 −0.48 0.3/0.56 1.02/−0.04 2.73 0.47 0.32
SD 6.28 0.15/0.15 0.2/0.11 0.18/0.08 0.38 0.11/0.18 0.21/0.08 0.53 0.30 0.27
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Discussion
Currently available surgical techniques of presbyopia
treatment are either of questionable value, as are the so-
called sclera-expanding surgical techniques [4, 23], or they
are still facing unsolved problems, like other attempts at
presbyopia treatment by photorefractive keratectomy [39],
eccentric LASIK [3], or implantation of corneal rings [16].
None of these approaches has been able to attain actual
accommodation; at best, multifocal intraocular lenses [1,
10, 27, 36] allow improved uncorrected near vision to the
detriment of contrast vision [36], which limits their broad
use in daily clinical practice even in the elderly.
All attempts at developing accommodative artificial
lenses rely on the fact that the ciliary muscle, even at
advanced age, is still able to contract. This was confirmed
by various studies involving impedance cyclography [37]
and ultrasound biomicroscopy [2, 33–35]. Thus, presbyo-
pia should be expected to largely result from increasing
loss of lens elasticity due to sclerogenesis [40]. This sug-
gests that it ought to be useful to utilize the remaining
contractive power of the ciliary muscle even in human
beings of advanced age.
The ideal accommodative artificial lens should com-
pletely fill the capsular bag and exhibit the same optical
and biomechanical properties as those of natural lenses in
young eyes. This concept of microsurgical recovery of the
accommodative power involves removal of the lens
substance through a narrow opening and refilling of the
capsular bag with flexible materials, the so-called pha-
koersatz. For several years, various groups have made re-
newed attempts to develop such an artificial lens [11, 17,
25, 26, 29, 31]. Flexible silicone polymers and hydrogels
are being tested as potentially suitable materials for
capsular bag filling. Surgical techniques are being opti-
mized in animal experiments, and investigations regarding
the biocompatibility of the used materials are being per-
formed. The concept of injectable lenses appears to be the
most promising option in terms of recovery of the accom-
modative power in conjunction with cataract surgery. Even
though initial surgical results involving primate eyes
yielded promising results, with accommodative amplitudes
of up to 8 D [11, 26], this method has, as yet, been limited
to animal experiments.
Other efforts are relying on mechanical concepts based
on the assumption that the continued functional ability of
the ciliary muscle and of the zonular fibers allows move-
ment of artificial lenses with flexible haptics along the
optical axis inside the intact capsular bag. Such acrylic
artificial lenses are commercially available today; the list
includes the BioComFold 43A (Morcher), the AT-45 Crys-
talens (C&C Vision) and the 1 CU (Human Optics).
According to Holladay, an accommodative amplitude of
2.9 D, which is equivalent to reading ability at a distance of
Table 3 Results at 12 weeks after implantation of a PMMA posterior chamber lens (Bausch & Lomb 75 ST 6). For explanation of
abbreviations see Table 1
Age
(years)
VF preOP
Dec/logMAR
VF post sc
dec/logMAR
VF post cc
dec/logMAR
Refraction VN post sc
dec/logMAR
VN post cc
dec/logMAR
Near
addition
Accommodative
amplitude
ACD
change
1 84 0.2/0.7 0.7/0.16 0.9/0.05 −0.5 0.6/0.22 0.9/0.05 2 0.85 0.31
2 73 0.5/0.3 0.9/0.05 1.25/−0.1 0.5 0.4/0.4 1.25/−0.1 2.5 0.5 0.28
3 87 0.5/0.3 0.8/0.1 0.8/0.1 0 0.2/0.7 0.8/0.1 3 0.25 0.15
4 87 0.6/0.22 0.7/0.16 1/0 −0.75 0.3/0.53 1/0 3 0.25 0.3
5 64 0.4/0.4 1.25/−0.1 1.25/−0.1 0 0.4/0.4 1.25/−0.1 3 0 0.1
6 74 0.3/0.53 0.8/0.1 1/0 −0.5 0.5/0.3 1/0 2.5 0.25 0.1
7 67 0.4/0.4 1/0 1/0 0 0.5/0.3 1/0 2.5 0.2 0.11
8 77 0.7/0.16 0.7/0.16 1/0 0.5 0.3/0.53 0.9/0.05 3 0 0.06
9 83 0.5/0.3 0.8/0.1 0.9/0.05 −0.5 0.4/0.4 0.8/0.1 2.5 0.5 0.2
10 75 0.3/0.53 1/0 1.25/−0.1 0.25 0.5/0.3 1/0 2.5 0.5 0.23
11 77 0.6/0.22 0.7/0.16 0.9/0.05 −0.75 0.4/0.4 0.9/0.05 2.5 0.5 0.2
12 83 0.5/0.3 0.6/0.22 0.8/0.1 0.75 0.2/0.7 0.8/0.1 3 0.25 0.15
13 78 0.6/0.22 0.8/0.1 1/0 −0.75 0.5/0.3 0.8/0.1 2 0.85 0.3
14 74 0.3/0.53 1/0 1/0 0 0.4/0.4 1/0 3 0 0.06
15 89 0.2/0.7 0.8/0.1 0.8/0.1 0 0.2/0.7 0.8/0.1 3 0.25 0.13
MW 78.13 0.44/0.39 0.84/0.09 0.99/0.01 −0.12 0.39/0.44 0.95/0.03 2.67 0.34 0.18
SD 7.34 0.15/0.17 0.17/0.08 0.15/0.06 0.49 0.12/0.16 0.15/0.07 0.35 0.27 0.09
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35 cm, would necessitate a forward displacement of 2.2 mm
inside the eye of an artificial lens with a refractive power of
20 D [13]. This indicates the limits of such mechanical
concepts of presbyopia, since such a shift would cause a
displacement of the iris diaphragm—which, in turn, would
considerably impair the control of physiological processes
in the anterior portion of the eye (Fig. 1).
The Human Optics 1 CU investigated in this study,
according to the technical data supplied by the manufac-
turer, may shift up to 1 mm inside the eye, corresponding to
an eyeglass correction change of 1.3 D (Fig. 2). In fact, the
investigations discussed in this context indicate a mean
anterior 1 CU shift of only 0.32 mm and a maximum of
0.9 mm. The accommodative amplitudes measured with the
Hartinger coincidence refractometer (mean value 0.47 D)
correspond to these values. Findl et al. arrived at the same
results when investigating the mean anterior displacement of
accommodative intraocular lenses (Morcher BioComFold
and Human Optics 1 CU) by partial coherence interferom-
etry. Based on these results they calculated the resulting
accommodative amplitudes. The maximum accommodative
amplitude attained by the two patient populations was 1 D
(mean value 0.5 D). Thus, these results were very similar to
those shown by reference groups implanted with conven-
tional intraocular lenses [6–8]. Similar conclusions may be
drawn from the results in the reference group, which are at
least on the same order of magnitude as those of the 1 CU
group. The variable forward shift of capsular bag-supported
PMMA lenses and foldable lenses after pilocarpine admin-
istration has been confirmed by other authors [21].
Kammann, too, who investigated patients with accom-
modative intraocular lenses (C&C Vision AT 45), found
unsatisfactory results, since all patients required additional
correction for near tasks [15]. Our own investigations
confirmed that all patients, after being implanted with a
1 CU intraocular lens, required additional near correction
of 2.8 D on average, with a minimum of 2 D.
Küchle et al. [19] and Langenbucher et al. [20], when
examining patients with accommodative intraocular lenses
(Human Optics 1 CU), found mean accommodative am-
plitudes of 1.2 D and a greater change in anterior chamber
depth than in the reference group. Küchle et al. and
Langenbucher et al. measured the anterior chamber depth
with an IOL Master, which, however, precludes measure-
ment of pseudophakic eyes [18]. In conjunction with the
present investigations, a Haag–Streit slit-lamp attachment
according to Jäger was used to perform anterior chamber
depth measurements. Compared to automated measure-
ments with an IOL Master, this has the advantage that the
position of the anterior lens surface under optical control,
despite differences in reflectivity of the artificial lens, may
be precisely determined in relation to the natural lens.
However, even the accommodative amplitudes attained
after implantation of a Human Optics 1 CU, as determined
by Küchle et al. and Langenbucher et al., can only reduce
but not eliminate the dependency on eyeglasses.
Objective accommodation measurements are needed to
evaluate commercially available accommodative intraocu-
lar lenses in a scientifically satisfactory manner. Available
methods, especially for measuring near vision, tend to de-
pend on subjective patient information and a variety of in-
fluences that are difficult to objectify, such as the type of
eyeglass correction, illumination, distance, and the type of
reading test. Objectively measurable parameters include
Fig. 2 An accommodative intraocular lens (Human Optics 1 CU
according to Hanna) and a schematic representation of its positional
change inside the capsular bag (red lens). In view of the technical
conditions, this lens might possibly undergo a maximum shift of
1 mm at 30° haptic angulation (yellow lens). This corresponds to a
vertex refractive change of 1.3 D.
Fig. 1 Diagram showing the inevitable positional change of
accommodative artificial lenses inside the capsular bag of the
human eye (VHF Ultrasound Arcscan Systems Artemis 2; human
eye, 36 years of age). To attain a refractive power change of 2.9 D, a
20-D artificial lens would have to undergo a 2.2-mm anterior shift.
The red artificial lens schematically indicates the normal position
inside the capsular bag. At a shift of 2.2 mm, it would assume the
position of the green artificial lens, ending up in front of the
pupillary plane.
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changes of the anterior chamber depth (which, however,
should be obtained by suitable methods, such as those
published by Findl et al. [6–8]) as well as objective mea-
surements of refraction, for instance by coincidence re-
fractometry according to Scheiner’s principle (Hartinger
coincidence refractometer), and streak retinoscopy. Future
studies regarding accommodative lenses should also
consider the IOL properties, astigmatism, and pupillary
diameter. This is the only way to identify pseudoaccom-
modation. Although possibly of secondary importance to
the patient, it is a decisive factor for further development of
accommodative artificial lenses.
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Evaluation of biometric methods
for measuring the anterior chamber
depth in the non-contact mode
Abstract Purpose: High-resolution
biometry of the anterior ocular seg-
ment is now becoming more and more
important against a background of
refractive surgery and the evaluation
of potentially accommodative lens
replacement materials. The aim of this
study was a systematic investigation
of the currently available non-contact
methods for measuring the anterior
chamber depth (ACD). Methods:
The ACDs of 50 phakic eyes of 27
patients aged between 19 and 59 years
were measured with the IOL-Master
(Zeiss), the AC-Master (Zeiss), the
Pentacam (Oculus) and slit-lamp
pachymetry by Jaeger (Haag-Streit).
Results: The median anterior cham-
ber depth in the investigated eyes was
3.63 mm for the IOL-Master (mini-
mum 2.88 mm, maximum 4.22 mm),
3.802 mm for the AC-Master
(2.816 mm−4.373 mm), 3.915 mm for
the Pentacam (minimum 2.994 mm,
maximum 4.614 mm) and 3.75 mm
for Jaeger (2.887 mm−4.29 mm).
With a probability of error of α=0.05
there were no significant differences
concerning the ACD between the
methods of Jaeger and AC-Master,
Jaeger and IOL-Master, or Pentacam
and AC-Master (Wilcoxon and
Wilcox). The intra-individual vari-
ability was ±5.4 μm for AC-Master,
±12.7 μm for Pentacam, ±24.5 μm for
IOL-Master and ±41.2 μm for Jaeger.
The maximum method-dependent
difference in ACD determination was
285 μm. Conclusions: All the
methods allow non-contact biometry,
but the results might differ due to
measuring principles inherent to the
system, experience of the examiner
and compliance of the patient. Partial
coherence interferometry with the
AC-Master offers the advantage of
measurement exactly along the optical
axis with the highest reproducibility
and patient compliance.
Keywords Biometry . Anterior
chamber depth
Introduction
The exact measurement of the anterior chamber depth is
of major importance for determining the actual position
of the lens. This is of particular interest in conjunction
with the assessment of accommodation-induced configu-
ration changes of the phakic eye [18] and with potentially
accommodative intraocular lenses based on the axial shift
principle. Various intraocular lenses (IOLs) of this type
have been developed in the past few years. The accommo-
dative ability of these lenses has been evaluated in numer-
ous studies via measurement of the anterior chamber depth
[1, 8–11]. Different methods, such as, for example, the IOL-
Master [14], Orbscan [11], AC-Master and ultrasound [11],
were used for this purpose. Owing to this fact alone, dif-
ferent documented results are obtained on comparison of
these studies [12, 16].
In the past few years ultrasound has played a decisive
role in the biometry of the anterior segment in everyday
clinical practice [15]. Currently, non-contact biometry is
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possible, for example, with the slit-lamp pachymeter by
Jaeger, Orbscan, Pentacam, IOL-Master and AC-Master.
With regard to the comparability of these methods with
each other, the questions arises as to what optical interfaces
the various methods detect and what corrective factors
specific to the instrument and method concerned are uti-
lized by the manufacturer.
This study will evaluate the comparability of different
non-contact methods for the analysis of the anterior cham-
ber depth in the phakic eye. It will incorporate not only
established instruments such as the IOL-Master and the
slit-lamp pachymeter by Jaeger, but also such new devel-
opments as the Pentacam and AC-Master.
Material and method
In this prospective study the anterior chamber depth of 50
phakic eyes of 27 patients aged between 19 and 59 years
was determined. All measurements were conducted by one
examiner.
The anterior chamber depth was defined as the distance
between the front surface of the cornea and the front surface
of the lens. The methods or instruments used incorporated
biometry by means a photographic imaging method—IOL-
Master (Zeiss, Germany), partially coherent interferometry
—AC-Master (Zeiss, Germany), Scheimpflug imaging—
Pentacam (Oculus, Germany) and optical pachymetry—the
slit-lamp pachymeter by Jaeger (Haag-Streit, Swiss).
IOL-master
It should be pointed out that the IOL-Master (Carl Zeiss
Meditec, Germany; software version 3.01.0294) does not
use partially coherent interferometry for measuring the
anterior chamber depth (ACD). The principle used to
measure the ACD is based on an “optical section” through
the anterior chamber by means of a slit illumination system
with subsequent image evaluation. The right eye is illu-
minated from the right, the left eye from the left. The
measurement is performed by image evaluation, with illu-
mination at an angle of 30° relative to the optical axis. The
anterior chamber depth standard in biometry is measured
which, anatomically, is the anterior chamber depth plus
corneal thickness. During the examination, the patient fixes
the eyes on a yellow light source inside the IOL-Master.
The measurement is performed along the visual axis.
AC-master
In addition, a prototype of the AC-Master from Carl Zeiss
Meditec AG, Germany (software version 1.11.0096) was
used. The measuring principle is based on a further devel-
opment of partially coherent interferometry. Here, a short-
coherence infrared laser beam is emitted by a luminescent
diode and separated into two partial rays with different
optical path lengths using a Michelson interferometer
[2, 7]. These partial rays are reflected onto different in-
traocular structures. An interference signal occurs and is
recorded if the path difference between the partial rays is
smaller than the coherence length. This instrument allows
measurement not only of the anterior chamber depth but
also of the corneal and lens thicknesses, exactly along the
optical axis [5, 6]. For this purpose, the four Purkinje
images resulting from reflection at the interfaces of the
cornea and lens must be superimposed within the mea-
surement. During the examination the patient fixes the eyes
on a target inside the AC-Master, which is movable and
hence allows the superimposition of the four Purkinje
images.
Scheimpflug Prinzip
The anterior chamber depth was also determined with
the Pentacam (Oculus, Germany; software version 1.09),
which is modelled on the Scheimpflug principle. During
the measurement and recording of a sectional image, a
CCD camera rotates and provides section planes from the
three spatial planes. The measured data obtained are used
to calculate a 3D model, from which the anterior chamber
depth can be computed. Here, the anterior chamber depth
is defined as the distance between the back surface of
the cornea and the front surface of the lens. To obtain a
comparison with the measured data received with the other
instruments, we added the respective Pentacam corneal
thicknesses to the Pentacam anterior chamber depths. Dur-
ing the measurement the patient’s eyes are fixed on a blue
light source [light-emitting diode (LED) 475 nm] within
the centre of rotation of the CCD camera.
Slit lamp with Jaeger attachment
For anterior chamber depth measurement on the slit lamp
(as devised by Jaeger, Haag-Streit, Switzerland), the mea-
suring attachment II was used. This consists essentially of
two plane-parallel glass plates through which the ray path
passes in equal portions. The upper plate rotates around the
swivel axis when the scale segment is swung horizontally.
Image doubling results, with the images being displaced
relative to each other so that the epithelium of the lower
image and the lens front surface of the upper image coin-
cide. For better visualization of the interfaces, a drop of
fluorescein is administered. The patient looks into the light
of the slit lamp passing though the slit diaphragm. Cor-
rective values from the appropriate tables were taken into
account.
In all instruments used, at least three successive mea-
surements were performed per eye, and the resultant mean
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value then examined. To evaluate the precision of the in-
struments, we determined the standard deviation for ten
successive measurements conducted by one examiner on
one phakic eye.
Different measuring data were assessed by the Wilcoxon
matched-pairs signed-rank test. The selected significance
level was 0.05, with the result that P values smaller than
0.05 are seen as statistically significant. The statistical
analysis was performed with the aid of MatLab 6.5 soft-
ware (The MathWorks). The results are shown as median,
minimum and maximum. The Bland–Altman plot [3, 4]
was used to reveal a relationship between the differences
and the averages, to look for any systematic bias and to
identify possible ouliers (Table 1).
Results
In the phakic eyes examined the median of the anterior
chamber depth (Fig. 1) measured with the IOL-Master was
3.63 mm (minimum 2.88 mm, maximum 4.22 mm) and
3.802 mm (2.816 mm−4.373 mm) when measured with the
AC-Master. The difference between the medians of the
IOL-Master and AC-Master was −0.172 mm. This proved
to be statistically significant (P=0.0319).
The highest ACD values (median 3.915 mm; mini-
mum 2.994 mm; maximum 4.614 mm) were obtained
with the Pentacam. The median of the ACD measurement
with the slit lamp pachymeter by Jaeger lay at 3.75 mm
(2.887 mm–4.29 mm). The difference between the medians
of the Pentacam instrument and the slit lamp amounted
to 0.165 mm and proved to be significant (P=0.0063).
No significant difference was found between the AC-
Master and Pentacam (P=0.0739; Δmedian=−0.113 mm).
The difference between the ACD medians of the IOL-
Master and slit lamp was −0.12 mm and was not statis-
tically significant (P=0.2243). With a value of −0.285 mm,
the largest method-dependent difference was established
between the medians of the IOL-Master and Pentacam.
This proved to be statistically significant (P=3.4201 e–004).
The smallest median difference lay at 0.052 mm (AC-
Master versus slit lamp) and was not statistically significant
(P=0.2646). The Bland–Altman plots for all combined data
sets (Fig. 2) demonstrate the mean and the limits of
agreement.
In order to evaluate the precision of the four methods,
we conducted ten measurements with each instrument.
These were performed by one examiner on one phakic eye.
As a quality criterion for precision, the standard deviations
(SD) are shown (Fig. 3). The smallest deviation from the
mean value (3.977 mm) was found in the ACD measure-
ment using the AC-Master (SD ±5.4 μm). The standard
deviation of the IOL-Master amounted to ±24.5 μm (mean
3.913 mm), and that of the Pentacam ±12.7 μm (mean
4.1717 mm). The Jaeger-type slit-lamp pachymeter dis-
played the lowest precision (SD ±41.2 μm;mean 3.865 mm).
The clearly different reproducibility of the individual in-
Fig. 1 Box plots of the anterior
chamber depth measurement on
50 phakic eyes with the slit-
lamp pachymeter by Jaeger,
IOL-Master, AC-Master and
Pentacam. Presented are me-
dians, 25% and 75% quartiles,
as well as minimum and
maximum values
Jaeger IOL-Master AC-Master Pentacam
2.8
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
AC
D 
[m
m]
p = 0.22
p = 0.26
p = 0,074
p = 0.006
p = 3.4 x 10-4
p = 0.032
Table 1 Statistical analysis of the anterior chamber depth of 50
phakic eyes (values in millimetres)
Instruments Median Mean Standard
deviation
Minimum Maximum
Jaeger 3.75 3.712 0.319 2.887 4.29
IOL-Master 3.63 3.64 0.324 2.88 4.22
AC-Master 3.802 3.779 0.339 2.816 4.373
Pentacam 3.915 3.909 0.366 2.994 4.614
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Jaeger IOL-Master AC-Master Pentacam
3.80
3.85
3.90
3.95
4.00
4.05
4.10
4.15
4.20
AC
D 
[m
m]
MA = 3.913 mm
SD ± 24.5 μm
MA = 3.865 mm
SD ± 41.2 μm
MA = 3.977 mm
SD ± 5.4 μm
MA = 4.172 mm
SD ± 12.7 μm
Fig. 3 Illustration of the repro-
ducibility of the anterior cham-
ber depth with the slit-lamp
pachymeter by Jaeger, the IOL-
Master, the AC-Master and the
Pentacam (ten successive mea-
surements on one phakic eye).
The mean MA (o) and the stan-
dard deviation SD (I) are shown
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Fig. 2 Bland–Altman plots of the investigated data. The solid line is the mean difference, and the dashed lines are the limits of agreement
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strument designs as well as the median and mean values
found are summarized in Fig. 3.
Discussion
All the methods used permit non-contact biometry on
phakic eyes. Systematic differences between the four meth-
ods examined were seen regarding the medians determined
for the anterior chamber depths (Fig. 1). The Bland–
Altman plots for the combined data (Fig. 2) demonstrate
the systematic differences between the four methods. There
are no proportional or magnitude-dependent errors. Penta-
cam generally measured the highest values, IOL-Master the
lowest, with the slit-lamp pachymeter by Jaeger and the
AC-Master occupying roughly a middle position between
these two instruments with regard to the ACD values ob-
tained. The different physical measuring principles used,
and, hence, also instrument-specific corrective factors, must
be taken into account as a possible cause of those systematic
differences. Anterior chamber depth measurement with
the IOL-Master is adapted to the measurements with im-
mersion ultrasound by the use of corrective factors. In this
context it should be noted that the IOL-Master does not
use partial coherence interferometry but a photographic
technique for measuring the ACD. In the AC-Master,
which uses partial coherence interferometry, the known
refractive indices or velocities of light of the ocular media
for the relevant measuring wavelength are utilized. Here,
adaptation to immersion ultrasound is also possible. Mea-
surements with the slit-lamp pachymeter by Jaeger are
influenced by the corneal radius.
In the future, what optical interfaces the various methods
detect must be examined. One approach here is the use of
confocal, in vivo microscopy with the HRT II (Heidelberg
Engineering) in conjunction with the Rostock cornea mod-
ule. It must be assumed, however, that the cause of the
different median and mean values should primarily be
sought in the different conversions of the original data. The
basic problem always lies in the knowledge of the velocity
of light and sound in the respective ocular media as well as
their frequency distribution in the population. With the use
of partial coherence interferometry optical paths are mea-
sured, which are converted into geometrical path lengths
via the refractive index. By contrast, ultrasound measures
the transit time in the medium, and the geometric path is
calculated via the sound velocity.
The dependence of the results obtained by the examiner
were not examined within the framework of this study.
Further investigations would be necessary for this purpose.
However, some studies already show that optical measur-
ing techniques like that of the IOL-Master are examiner-
independent to the greatest possible extent [17]. With the
use of the slit-lamp pachymeter by Jaeger, on the other
hand, a certain subjective factor cannot be ruled out. The
type of measuring axis can also lead to a difference. In the
AC-Master, the measurement is performed along the op-
tical axis, while the visual axis is used in the other methods.
In all instruments used, different targets were fixed at in-
finity. It could, nevertheless, be possible to conclude differ-
ent states of accommodation and, hence, different anterior
chamber depths. In further study, accommodation should
be additionally deactivated pharmacologically if possible,
or the non-participating eye should be fixed on a constant
target [13].
On the subject of reproducibility, it can be said that
IOL-Master, Pentacam and, above all, AC-Master are very
precise instruments for measuring the anterior chamber
depth. Measurements with the AC-Master display by far
the smallest standard deviation and are therefore highly
reproducible. As an analog optical measuring method,
the slit-lamp pachymeter by Jaeger exhibits the lowest
reproducibility.
Our investigations show relatively large systematic de-
viations in the median of the anterior chamber depths de-
termined. Appropriate consideration must be given to these
when anterior chamber measurements performed with dif-
ferent methods are compared.
Anterior chamber dept measurements with the IOL-
Master and Pentacam require a relatively short learning
curve and relatively little time to perform. The slit-lamp
pachymeter by Jaeger displays the lowest reproducibility
and needs a certain degree of practice. In the AC-Master a
relatively high level of experience in the handling of the
instrument and a high degree of patient compliance are
required. The benefit of this method is its high measure of
precision and measurement along the optical axis.
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Purpose: The exact determination of corneal thickness (CT) is an important 
component in preoperative diagnostics prior to refractive surgery and for 
intraocular pressure determination. For this reason a systematic 
investigation of the currently available methods for measuring the corneal 
thickness was undertaken. 
Methods: In a prospective comparative study the central CT of 50 phakic 
eyes of 27 patients (age range 19 to 59 years) was measured with 
Scheimpflug Imaging (Pentacam, Oculus), Dual-beam partial coherence 
interferometry (AC-Master, Zeiss), slit-lamp pachymetry by Jaeger (Haag-
Streit) and with optical slit scanning (Orbscan II, Orbtek). In addition, AC-
Master measurements were directly compared to in vivo confocal laser 
scanning microscopy (CLSM, Heidelberg Engineering). In all cases, at least 
three successive measurements were performed on each eye, and a mean 
value was calculated. To evaluate the precision of the instruments, the 
standard deviation was determined for ten successive measurements which 
were conducted by one examiner on one phakic eye. The Bland-Altman plot 
was used to reveal a relationship between the differences and averages. 
Results: The median CT values were 550µm (Pentacam), 522µm (AC-
Master), 500µm (Jaeger) and 536µm (Orbscan II). The precision was ± 
6.1µm (Pentacam), ± 1.7µm (AC-Master), ± 14µm (Jaeger), ± 8.9µm 
(Orbscan II) and ± 6.0µm (CLSM). The maximum method-dependent 
difference in CT determination was 50µm. The median CT’s measured with 
the non-contact methods differed significantly (? = 0.05, Wilcoxon and 
Wilcox). No significant difference was found between AC-Master (median 
546µm) and CLSM (median 560µm). 
Conclusions: All used methods allow a determination of CT, but the results 
might differ due to measuring principles inherent to the system, experience 
of the examiner and compliance of the patient. Jaeger and CLSM are less 
suited for clinical use, but CLSM is an excellent method to visualise corneal 
cell layers with high acuity. The AC-Master requires a relatively high level 
of experience in the use of the instrument and a high degree of patient 
compliance. Nevertheless, the AC-Master produces extremely precise 
measurements of the CT at the anatomic or optical axis. 
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Introduction 
The exact determination of corneal thickness (CT) currently gains great importance 
in the area of refractive surgery. Precise CT-values should be measured preoperatively to 
disqualify risk patients and to avoid, as possible, complications such as ectasia [24]. 
Postoperative CT-determination allows a certain evaluation of the conducted LASIK (Laser in 
situ Keratomileusis). Within such postoperatively conducted studies interesting insights were 
won about the interrelation between the corneal thickness and the eye’s intraocular pressure 
(IOP) [18]. In various studies the IOP decreased between 0.46 – 0.71 mmHg per 10µm CT 
reduction [6, 7]. The interrelation between CT and IOP also plays an important role in the 
medical diagnosis and care of glaucoma patients [26]. In addition, the evaluation of CT allows 
certain predication about the undisturbed function of the cornea. In the clinical routine 
ultrasound is usually used to measure the thickness of the cornea, although several studies 
have shown the advantages of newer methods [2, 10]. This study evaluates the comparability 
of newer techniques for the analysis of CT on the phakic eye. Consequently, new 
developments like AC-Master and CLSM, as well as Orbscan II, Pentacam and slit-lamp 
pachymetry by Jaeger, were included in this study.  
Material and Method
In this study we measured the central corneal thickness on 50 phakic eyes of 27 test 
persons (age range between 19 and 59) using the Pentacam, the Orbscan II, the slit-lamp 
pachymetry by Jaeger and the AC-Master. For the purpose of finding out how the confocal 
microscopy integrates into the comparison of methods for the determination of corneal 
thickness, we added a direct comparison between AC-Master and CLSM. For this the central 
CT on 10 phakic eyes was determined with both methods.  
Measuring principles of used instruments: AC-Master (Carl Zeiss Meditec AG, Germany), 
(AC-Master, Version 1.11.0096) 
The measuring principle of the AC-Master by Carl Zeiss Meditec Inc. is based on the 
advancement of the partial coherence interferometry (PCI). Here an infrared laser beam of 
short coherence is emanated by a luminescence diode and separated into two split beams of 
different optical path lengths via a Michelson – interferometer [1, 12]. These split beams are 
reflected on different intraocular structures. An interference signal appears and is detected 
when the path difference between the split beams is smaller than the coherence length. This 
instrument allows the determination of corneal thickness, but also of the anterior chamber 
depth and lens thickness, exactly along the optical axis [9, 10]. For this the four Purkinje-
pictures which result from the reflection on the interface of the cornea and lens must be put on 
top of each other within the measurement. The test person fixates on a target (cross or dot) 
within the AC-Master during the examination. This target is relocatable and thus enables the 
overlapping of the four Purkinje-pictures. In addition, the instrument has a pachymetry mode 
in which the central and peripheral corneal thickness can be determined.  
Pentacam (Scheimpflug-Principle, Oculus, Germany), (PentCam 1.09) 
Furthermore, the CT was determined with the Pentacam which is based on the 
Scheimpflug-principle. During the measurement and shooting of a section diagram, a CCD 
camera rotates and provides section planes from the three space planes. A 3D map is 
generated from the measured data, and with it the corneal thickness, among others, can be 
calculated [19]. During the measurement the test person fixates on a blue illuminant (LED, 
475nm) in the camera’s rotation centre.  
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Slit-lamp Pachymetry by Jaeger (Haag-Streit, Switzerland) 
The measuring adaptor used on the slit lamp (by Jaeger) for the determination of the 
CT. It basically consists of two coplanar lantern slides through which the course of beam 
passes in equal shares. The top slide spins around the axis of rotation during the deviation of 
the scale segment. It comes to picture duplication whereas the pictures are displaced to each 
other in such a way that the epithelium of the bottom picture meets the endothelium of the top 
picture [13]. For better illustration the epithelium was slightly dyed with fluorescein. The test 
person looked into the light coming through the aperture of the slit lamp. Correction values 
from respective tables were taken into account.    
Orbscan II (Orbtek Inc., Salt Lake City, Bausch & Lomb) 
Orbscan II combines the advantages of Placido-derived and slit-scanning derived 
topography [5]. This technique takes a series of split beam images (40 slit-scan and 3 placido 
images) by means of two scanning slit lamps, which project beams in a 45 degree angle to the 
right or left of the instrument’s axis. Orbscan II acquires over 9000 data points in 1.5 seconds. 
It produces a 3D map of the curvature, of the front and back surfaces of the cornea, and it 
measures the corneal thickness. During the examination a system also measures the eye 
movement. The patient fixates on a blinking red light, during the examination [3].
Confocal laser scanning microscopy (HRTII + RCM, Heidelberg Engineering GmbH, 
Germany)  
The technique developed by Webb [26] (scanning laser ophthalmoscope) was further 
developed and expanded with the use of the commercially available instrument Heidelberg 
Retina Tomograph II (HRT II), (Heidelberg Engineering GmbH, Germany) [28]. The HRT II 
combined with an anterior segment adapter (Rostock Cornea Module) [22, 24] provides the 
opportunity to visualise corneal cell layers with high acuity [23]. Thus the distance between 
superficial epithelial cells and endothelial ones can be investigated. The front lens is coupled 
to the cornea via a polymethylmethacrylate (PMMA) cup with interposition of transparent gel 
(Vidisic TM, Mann Pharma Germany) for in vivo imaging. During the measurement the test 
person fixates a light source with the uninvolved eye. During the measurement a camera helps 
control whether the laser beam points onto the correct spot of the cornea.   
With each instrument at least three successive measurements were performed on 
each eye, and the resulting mean value was calculated. All measurements were performed by 
one examiner. In order to evaluate the precision of the instruments, the standard deviation of 
10 successive measurements on a phakic eye was determined by one examiner. The different 
measurement data were evaluated by means of the Wilcoxon-matched-pairs-signed-rank-test. 
The significance level was set to 0.05, which means that p-values smaller than 0.05 are 
statistically significant. The Bland-Altman plot was used to reveal a relationship between the 
differences and averages. With this analysis systematic or proportional biases and possible 
outlier can be illustrated. The differences between two methods are plotted against the 
averages of two methods [4]. The statistical analysis was performed with the help of the 
software MatLab 6.5 (The MathWorks, Inc.). 
Results
The median of the corneal thickness (CT) of the 50 investigated phakic eyes was 
536µm (minimum = 438µm – maximum = 621µm) with Orbscan II and 522µm (450µm – 
592µm) using the AC-Master (Table 1). The difference of 14µm between the median of 
Orbscan II and AC-Master was the smallest median-difference within this study. With the 
Pentacam the highest CT-values were measured (median = 550µm; minimum = 473µm; 
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maximum = 653µm) (Figure 1). The median of the corneal thickness using slit-lamp 
pachymetry by Jaeger was 500µm (440µm – 547µm). The difference between the median 
measured by the instruments Pentacam and slit lamp were 50µm, the biggest method-
dependent difference. In this study, the statistically difference between all used non-contact-
methods from each other  was significant. (? = 0.05, Wilcoxon).  
mean  median  maximum  minimum  precision  
Jaeger 498 500 547 440 ± 14 
Pentacam 557 550 653 473 ± 6.1 
AC-Master 527 522 592 450 ± 1.7 
Orbscan II 542 536 621 438 ± 8.9 
Table 1:  Overview of the investigated statistical parameter [µm] 
The Bland-Altman analysis demonstrates that slit-lamp pachymetry by Jaeger 
measured the smallest corneal thickness compared to the three other methods (Figure 2). The 
deviation between Jaeger and the other methods rose in thicker corneas. The Bland-Altman 
analysis demonstrates that the deviation between Pentacam and AC-Master tended to rise in 
thicker corneas. The deviation between Orbscan II and Pentacam tended to remain constant. 
As in the other cases, the deviation between Orbscan II and AC-Master rose in thicker corneas 
too. 
Fig. 1   The boxplots of CT measurements with slit-lamp pachymetry by Jaeger, Orbscan II, 
Pentacam and AC-Master illustrate median, 25% and 75% quantile, minimum and maximum. 
In the direct comparison between Confocal Laser Scanning Microscopy and AC-
Master there was no significant difference (Wilcoxon). The median values of the central 
corneal thickness for CLSM was 560µm (range 537µm - 589µm; mean: 563.6µm) and 546µm 
for the AC-Master (range 524µm- 576µm; mean: 552.4µm). In the Bland-Altman analysis the 
mean difference between both methods was 10 µm (figure 3). This mean difference between 
the AC-Master and CLSM tended to be constant in thick and thin corneas.  
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Fig. 2   Bland-Altman plots demonstrating means and differences of measurements with slit-lamp pachymetry by 
Jaeger, Orbscan II, Pentacam and AC-Master. The mean ± tw o standard deviations (SD) are illustrated as dotted 
lines.
To evaluate the precision of the five methods, 10 measurements were done with each 
instrument. All measurements were performed by one examiner on one phakic eye. During the 
determination of precision of CLSM another reference eye was used and therefore, the data 
are not directly comparable with the other four methods. The quality factor for the precision is 
the standard deviation (std) as shown in Figure 4. The smallest deviation from the mean value 
(515µm) was determined during the CT-measurement using the AC-Master (std = ± 1.7µm). 
The standard deviation of Orbscan II was ± 8.9µm (mean value = 524.4µm), of Pentacam ± 
6.1µm (mean value = 537.5µm) and the one of CLSM ± 6.0µm (mean value = 569.4µm). The 
slit-lamp pachymeter by Jaeger proved to be at the last rank of precision among tested 
instruments (std = ± 14µm; mean value = 485µm).  
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Fig. 3   Bland-Altman plot illustrates the mean difference between AC-Master and CLSM. The 
mean ± two standard deviations (SD) are pictured as dotted lines. 
Fig. 4   To demonstrate the precision, means (o) and standard deviations (I) are pictured. The 
precision was investigated by one examiner on one phakic eye.  (* another reference eye, i.e. 
that the mean is not directly comparable) 
Discussion
The investigated methods permit a determination of corneal thickness, but the 
methods Pentacam, Orbscan II, Jaeger und AC-Master differ significantly from each other. 
Only between the AC-Master and CLSM there tends to be no difference. The results might 
differ due to measuring principles inherent to the system, experience of the examiner and 
compliance of the patient. At this point it is difficult to say which method comes closest to the 
actual corneal thickness value. Pentacam generally measured the largest corneal thickness 
values and the slit-lamp pachymeter the smallest. The instruments Orbscan II and AC-Master 
took a centre position with regard to the determined CT-values. Because the difference 
between slit-lamp pachymetry by Jaeger and the other methods (Orbscan II, AC-Master and 
Pentacam) increased with increasing corneal thickness, we must assume proportional error. 
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When comparing the pairs AC-Master - Pentacam and Orbscan II - AC-Master these biases 
tend to exist as well. In the Bland-Altman analysis of Orbscan II and Pentacam a systematic 
error tends to be apparent. 
The comparison between the CLSM and AC-Master resulted in a mean-difference of 
10µm, which tended to be insignificant (n = 10). With the help of the Bland-Altman-plot of 
both methods a systematic error can be assumed. A study with larger falling numbers is 
planned to prove these results. 
Regarding the repeatability, one can say that Orbscan II, Pentacam, CLSM and 
especially the AC-Master are very precise instruments for measuring the corneal thickness. 
According to Marsich et al., Orbscan II is more repeatable than ultrasound [15]. In this study, 
as well as in Drexler et al., the partial coherence interferometry (PCI ~ AC-Master) is the most 
precise method of all [10]. Also in the comparison between PCI, ultrasound and Orbscan 
system by Rainer et al. the PCI is the method with the least intraobserver or interobserver 
variability [21]. The slit-lamp pachymeter by Jaeger as analogue optical measurement 
procedure has the least repeatability. 
The advantages of the non-contact methods are that there is no need for anaesthesia and no 
risk of corneal infection. Unlike with contact methods, an influence on the tear film or the 
cornea respectively, does not occur. 
In the clinical routine the precise measurement of corneal thickness plays an 
important role especially with regard to refractive surgery and treatment of glaucoma. In 
refractive surgery CT measurement is important to disqualify patients with thin corneas to 
minimize the risk of ectasia and to evaluate the outcome of laser refractive surgeries [14, 25]. 
When treating glaucoma the central corneal thickness (CCT) must be considered, because 
intraocular pressure measurements are dependent on the CCT. Thin corneas produced 
underestimations of the intraocular pressure, whereas thick corneas produced overestimations 
[27]. In the Dresden table of correction values these relationships taken into accounted. For 
25µm deviation per 550µm the IOD is corrected by ± 1 mmHg [8]. 
Jaeger and CLSM are less suited for clinical use, but CLSM is an excellent method 
to visualise corneal cell layers with high acuity. Slit-lamp pachymetry by Jaeger allows only a 
rough estimation of the corneal thickness due to scale gradations. Orbscan II and Pentacam 
are very convenient techniques for the patient. Only one measurement is necessary to evaluate 
the central CT, the thinnest part of the cornea, and some values in the periphery. Those are 
presented as a profile map of the cornea. The AC-Master requires a relatively high level of 
experience in the use of the instrument and a high degree of patient compliance. Nevertheless, 
the AC-Master produces extremely precise measurements of the CT at the anatomic or optical 
axis. No significant difference was found in the thickness determination between AC-Master 
and CLSM. 
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An ex vivo model for drug-induced secondary 
cataract prevention
Experimental results with Disulfiram, Methotrexate and 
Actinomycin D
Katrin Sternberg1,*, Thom Terwee2, Oliver Stachs3, Hanka Schneider3, Rudolf 
Guthoff3, Sven Kramer1, Marian Löbler1, Gerhard Hennighausen4, Detlef 
Behrend1, Klaus-Peter Schmitz1
University of Rostock, 18057 Rostock, Germany, 1Institute for Biomedical Engineering, 
3Department of Ophthalmology, 4Institute for Experimental Pharmacology, 
2AMO Groningen BV, Van Swietenlaan 5, 9728 NX Groningen, Netherlands 
Purpose: Secondary cataract formation may occur after lens replacement due to proliferation 
and transformation of lens epithelial cells. A clinical approach to prevent secondary cataract 
by inhibition or removal of lens epithelial cells involves the intraocular application of 
pharmacological agents. The goal of our study was to develop an ex vivo model that can be 
utilized to test for the effectiveness of pharmacological agents for the ablation of lens 
epithelial cells from the basal membrane.  
Methods: Cultured human capsular rhexis specimens from standard cataract surgery were 
used for these experiments. For the evaluation of the cell inhibitory and detaching potential 
of drugs the culture medium was replaced by different drug solutions. The specimens were 
incubated with these solutions for 5 minutes. The model drugs Disulfiram, Methotrexate and 
Actinomycin D were dissolved in pure water or were embedded in the hyaluronic acid in a 
drug concentration of 10?mol/l. After drug treatment the total number of residual cells on the 
surfaces of capsular rhexis specimens was assessed by use of microscopic methods. The 
residual viable and dead lens epithelial cells were differentiated by use of the Live-dead 
assay. Quantification of the lens epithelial cells was facilitated by staining with Hoechst-dye.  
Results: An ex vivo model was established which allows for the differentiation of drug 
action on lens epithelial cell ablation from the basal membrane. To estimate the effectiveness 
of drugs it was necessary to determine the cell numbers of untreated capsular rhexis 
specimens. The Live-dead assay on untreated capsular rhexis specimens has shown 1361 +/- 
482 viable cells/mm2. The treatment with Disulfiram, Methotrexate or Actinomycin D 
reduced the number of viable cells on capsular rhexis specimens drastically, because it ranges 
between 0.44 +/- 0.53 % (6.0 +/- 7.3 cells/mm2) for Disulfiram, 0.27 +/-0.50 % (3.7 +/- 6.9 
cells/mm2) for Methotrexate and 0.07 +/- 0.19 % (0.1 +/- 0.27 cells/mm2) for Actinomycin D. 
Of the three tested drugs Actinomycin D was slightly more potent in cell ablation than 
Disulfiram and Methotrexate.  
Conclusions: The screening of drugs in the described ex vivo model can help to reduce the 
number of preclinical studies for secondary cataract prevention. Furthermore, a safe drug 
application can be achieved by using hyaluronic acid as a hydrophilic polymeric carrier. 
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Introduction 
The most frequent complication of cataract-intraocular lens surgery is the posterior 
capsule opacification (PCO, also called secondary cataract or after cataract). A variety of 
studies has led to a better understanding of the pathogenesis of PCO caused by postoperative 
proliferation, migration, and transdifferentiation of lens epithelial cells (LECs) left on the 
anterior capsule and the equatorial region of the capsular bag at the time of cataract surgery 
[1,2]. There are recent attempts to restore accommodation with various complex implant 
designs for intra capsular bag placement (e.g. 1CU (Human Optics), Crystalens (Eyeonics), 
Synchrony (Visiogen)). They all relay on stable capsular bag biomechanics. This can only be 
maintained when there is no proliferation of remaining lens epithelial cells on the inner 
surface of the capsular bag. A permanent and successful restoration of accommodation will be 
possible when we find ways to fully prevent migration and fibrosis of lens epithelial cells 
[46].  
PCO has been observed since extracapsular cataract surgery started and was noticed by Sir 
Harold Ridley after his first intraocular lens (IOL) implantations [3,4]. Today PCO is still the 
most frequent complication after extracapsular cataract surgery. A meta-analysis, published in 
1998 [5], showed that the PCO rates after extracapsular cataract surgery combined with 
intraocular lens implantation increased from 11.8 % after one year to 20.7 % after three years 
to 28.4 % after five years [5]. Furthermore PCO is a major problem in paediatric cataract 
surgery with an incidence approaching 100 % [6,7]. 
Development of modern cataract surgery causing minimal trauma has lead to a gradual 
decrease in the incidence of PCO. At present, with modern techniques and IOLs the expected 
rate of PCO and the subsequent Nd:YAG laser posterior capsulotomy rate has dropped to 
below 10% [8,9]. To further reduce PCO the surgical performance has been improved by 
hydrodissection enhanced cortical cleanup [10] and the in-the-bag (capsular) fixation [11,12]. 
In addition the IOL has been improved by enhancing its biocompatibility [13], improving the 
maximal IOL optic-posterior capsule contact [14] and exploiting the barrier effect of the IOL 
optic by sharp optic edge designs [15-17].  
Another approach to prevent PCO involves the intraocular application of pharmacological 
agents [18,19]. For the 1980s, numerous investigators like Hartmann et al. [20,21] examined 
in cell culture studies the potential of pharmacological substances in order to successfully 
prevent LECs from proliferating and migrating. Pharmacologic agents that have been 
investigated include cytostatic drugs, such as 5-Fluorouracil [22,23], Daunomycin [20], 
Colchicine, Doxorubicin [24], Mitomycin C [22,25], Methotrexate [26]), anti-inflammatory 
substances, such as Dexamethasone [27] and Diclofenac [27,28], calcium-channel blockers, 
such as Mibefradil [29], and immunological agents, such as Cyclosporine A [30]. In addition 
adhesion inhibitors [31] and osmotic effective solutions [23] were tested. In several studies 
different drug delivery systems [32-35] were investigated in order to provide a longer and 
more effective impact on LECs. To avoid toxic side effects an irrigation device may allow for 
the isolated safe delivery of pharmacologic agents into the sealed capsule following cataract 
surgery [23,36,37].  
The goal of the current study was to develop an ex vivo model by utilizing human capsular 
rhexis specimens obtained during standard cataract surgery that can be tested for the ablation 
of LECs from the basal membrane. Since capsular rhexis specimens contain a LEC layer on 
its natural substrate, the basal membrane, an effective cell ablation method established in the 
ex vivo model should also be effective in vivo. 
To test the suitability of the model to differentiate drug effects on LECs of the capsular 
bag three pharmacological compounds known for their antiproliferative activity, Disulfiram, 
Methotrexate and Actinomycin D were tested for their effect on LEC ablation. Disulfiram, 
chemically tetraethylthiuramdisulfide (TETD), and its primary metabolite 
diethyldithiocarbamate are known to have in vitro antiproliferative effects on tumor cells [38], 
and inhibit several enzymes and cell proteins by formation of a metal complex or by reaction 
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with functional sulfhydryl-groups. In addition it has been shown that a topical ocular drug 
delivery system containing TETD has anticataract effects in vivo on selenite-treated rats [39].  
Methotrexate (MTX) is an antimetabolite drug used in treatment of cancer and 
autoimmune diseases. It acts by inhibiting the metabolism of folic acid. Based on research 
efforts in cancer chemotherapy, Hansen and co-workers [26] have found that a conjugate of 
MTX with an antibody specific for basement membrane collagen in the lens capsule is an 
effective inhibitor of LEC outgrowth in cell culture. 
Actinomycin is any of a class of polypeptide antibiotics isolated from soil bacteria of the 
genus Streptomyces. As chemotherapeutic drug Actinomycin D (AM) intercalates into DNA, 
thereby interfering with the action of enzymes engaged in replication and transcription. 
Therefore it could be also an effective inhibitor of LEC viability [45].  
All these drugs interfere with vital cellular processes and might cause cell ablation from 
the basal membrane by reducing cell viability. 
Material and Method
Materials 
Disulfiram (tetraethylthiuramdisulfide, TETD, M = 296 g/mol), Methotrexate (MTX, M = 
454.4 g/mol) and Actinomycin D (AM, M = 1255.4 g/mol) were obtained from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany). Stock solutions of 1 x 10-1 mol/l (M) TETD 
or AM in ethanol and of 1 x 10-1 M MTX in dimethylsulfoxide were prepared, which were 
further diluted with pure water to 10 µM TETD, MTX or AM (corresponding to a non-toxic 
concentration of the organic solvent of 0.01 %, [28]). Pure water was obtained by purification 
with an ion exchange resin (Typ Ultra clear UV plus, SG-Wasseraufbereitung und 
Regenerierstation GmbH Hamburg-Barsbüttel, Germany). Ethanol and dimethylsulfoxide 
were received in analytical grade purity from VWR International GmbH (Darmstadt, 
Germany). The substance hyaluronic acid sodium salt (HA) was supplied by Advanced 
Medical Optics Uppsala AB (Uppsala, Sweden). HA was dissolved in pure water or in the 10 
µM drug solutions (10 µM drug/HA) to yield a concentration of 1 % (w/w). 
Capsular rhexis specimens obtained during standard cataract surgery were immediately 
placed into reaction tubes containing Dulbecco’s modified Eagle medium (DMEM, 
Applichem, Darmstadt, Germany). The specimens were approximately circular with a 
diameter of about 4 mm. Informed consent was obtained from all patients. Procedures 
utilizing human capsular rhexis specimens followed the tenets of the Declaration of Helsinki 
(Cardiovascular Research 1997;35:2-4), and the protocol was approved by the Ethics 
Committee of the Medical School, University of Rostock.  
Capsular rhexis specimens were cultured in DMEM supplemented with 10 % fetal calf 
serum (FCS, Biochrom, Berlin, Germany), 50 µg/ml Gentamycin (Sigma, Steinheim, 
Germany) and 2,5 µg/ml Amphotericin B (PAA Laboratories, Cölbe, Germany). Phosphate 
buffered saline (PBS) (PAA Laboratories) was used for rinsing of the specimens. 
Classification and culture of capsular rhexis specimens  
Within two hours of removal the capsular rhexis specimens were placed into 12-well 
plates with one milliliter of culture medium (see Materials). The initial state of the specimens 
was assessed by light microscopy (see Microscopy). All specimens were classified according 
to the density of LECs on the capsular bag: 0 - no cells observed, 1 – less than 33 % of the 
specimen covered by LECs, 2 – 33 % to 66 % of the specimen surface covered by LECs, 3 – 
66 % to 100 % of the specimen surface covered by LECs. Only specimens of category 3 
(more than two thirds of the specimen is covered with LECs) were used immediately for the 
ex vivo tests.  
Microscopy 
Light microscopic evaluation was carried out using a Nikon ECLIPSE TE300 microscope 
equipped with a Nikon Epi-Fluoresence and Hoffman contrast modulation module. Digital 
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acquisition of the images was done using a color video camera (Sony Progressiv 3CCD DXC 
9100P) in conjunction with Software Image Archive Version 4.10.  
In addition the capsular rhexis surface was examined with an environmental scanning 
electron microscope (Philips XL 30 ESEM with Philips Electron Optics, Eindhoven, The 
Netherlands) operating in the SEM mode. For SEM the specimens were freeze dried and 
sputtered with gold. The morphology of an untreated capsular rhexis specimen is seen 
exemplarily in Figure 1.  
Fig. 1: Scanning electron microscopy (SEM) of an untreated capsular rhexis specimen (initial 
state with category 3), bar: 50 µm. 
Drug treatment of the rhexis specimens 
For treatment of capsular rhexis specimens the culture medium was replaced by drug 
solution and specimens were incubated for 5 minutes at room temperature. Capsular rhexis 
specimens were incubated in 1) 10 µM TETD/pure water, 2) 10 µM MTX/pure water, 3) 10 
µM AM/pure water, 4) 10 µM TETD/HA, 5) 10 µM MTX/HA, 6) 10 µM AM/HA, and 7) 
HA. After the 5 minutes incubation the drug solution was removed and the specimens were 
rinsed twice with PBS. Subsequently the specimens were stained with the Live-dead assay 
and with Hoechst 33342 (see Staining methods). 
For the treatment of the capsular rhexis specimen with the viscous HA solutions a self-
developed two-partite test chamber was used. Within the lower half of the chamber a glass 
micrometer scale is inserted onto which the capsular rhexis specimen is placed within a drop 
of PBS, cells facing up. The upper half of the chamber carries a gauze to hold the specimen in 
place and to allow for the application of HA solutions and rinsing of the specimen before 
staining (Fig. 2A-B). 
A B
Fig. 2: Upper half (A) and ower half (B) of the test chamber. 
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Staining methods 
The LEC viability was determined with the Live-dead assay (Molecular Probes, Leiden, 
Netherlands) [40]. This assay differentiates vital from dead cells. Non-fluorescent Calcein 
AM permeates the plasma membrane and is metabolized by intracellular esterases to yield 
green fluorescent Calcein. EthD-1 cannot pass the membrane of vital cells and only binds to 
the DNA of dead cells yielding red fluorescent nuclei.  
A B
C D
E F
Fig. 3: A - bright field, B-F - fluorescence microscopy, of an untreated capsular rhexis 
specimen (initial state with category 3), bar: 200 µm. A – bright field; B – Calcein staining 
(green: viable LECs); C – EthD-1 staining (red: cell nuclei of dead LECs); D – Hoechst 33342 
staining (blue: cell nuclei of all LECs); E – superimposed images of the Calcein/EthD-1 
staining; F – superimposed images of Hoechst 33342/EthD-1 staining 
For easier quantification of cells nuclear DNA was stained with Hoechst 33342 (Fluka, 
Taufkirchen, Germany) [41]. This dye specifically binds to DNA and stains the nuclei of vital 
and dead cells. The labeled nuclei fluoresce bright blue. After three washes with PBS the 
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rhexis specimens were incubated in 500 µl of Calcein AM and EthD-1 incubated for 40 
minutes at room temperature and then rinsed three times with PBS. 
Subsequently the specimens were incubated for 2 minutes at room temperature in 500 µl 
of 10 µg/ml Hoechst 33342. Then the reagent was replaced by a drop of PBS and cover-slips 
were placed over the specimens for microscopic examination. Bright field (Fig. 3A) and 
fluorescence photomicrographs (Figs. 3B-F) were taken. 
Quantitative evaluation 
In addition to the strictly qualitative description obtained from light microscopic 
evaluation, a quantitative assessment (cell count) was performed on the samples in their initial 
state and after drug treatment. Cell counting was done by superimposing the images of the 
Calcein/EthD-1 (Fig. 3E) and the Hoechst 33342/EthD-1 staining (Fig. 3F). All nuclei (blue) 
and nuclei of dead cells (red) were counted for each field of view. All cell numbers are 
expressed as cells/mm2.
Statistical analysis 
Data were analyzed using Microsoft Excel calculation software. Mean values and standard 
errors were calculated from 10 individual capsular rhexis specimens. To test whether observed 
differences between drug treatments were statistically significant a Student t test with p < 0.05 
was applied to the data. 
Results 
For the evaluation of the capsular rhexis specimen quality the initial state of the specimens 
was characterized and classified (cell density categories 0-3). Only specimens with a cell 
density of at least 66 % (category 3) were chosen for the experiments.  
To estimate the success of the drug treatment it was necessary to determine the cell 
numbers of untreated capsular rhexis specimens. The Live-dead assay on untreated capsular 
rhexis specimens has shown mostly viable cells with occasional dead cells (Fig. 4). The 
number of viable cells ranges between 840 and 2542 (1361 +/- 482) LECs/mm2. The 
photographs of Figure 3 (3B, C and F) show a typical Live-dead assay of an untreated 
capsular rhexis specimen. 
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Fig. 4: Results from cell viability assessments of 10 untreated capsular rhexis specimens as 
logarithmic diagram (each bar represents one specimen).  
To evaluate the cell inhibitory and detaching potential of drugs in the ex vivo model the 
pharmacological agents TETD, MTX and AM were tested in a first experimental series as  
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Fig. 5: Results from cell viability assessments of capsular rhexis specimens (each bar 
represents one specimen) incubated with 10 µM drug/pure water for 5 minutes as logarithmic 
diagram. (I: TETD/pure water; II: MTX/pure water; III: AM/pure water; IV: pure water) 
112
Invest Ophthalmol Vis Sci., submitted 8
aqueous solutions. The temporal window of 5 minutes for drug treatment was chosen to 
match clinical requirements. The quantitative data for 10 capsular rhexis specimens expressed 
as number of residual viable (green) and dead (red) LECs after the different drug treatments 
are shown in the logarithmic diagrams (Fig. 5). The exemplary photographs (Fig. 6) reflect the 
Live-dead assays of treated capsular rhexis specimens from each group with the most viable 
cells (qualitative data). 
In comparison to the initial state (Fig. 4) the treatments with 10 µM TETD, MTX and AM 
reduce the number of viable LECs by ablation drastically (Fig. 5). Immediately after the 
TETD treatment some viable LECs (up to 3.1 cells/mm²) could still be seen on the capsular 
rhexis specimens (Fig. 5I).  
AM dissolved in pure water is more effective in ablation of LECs than TETD. After 
treatment with AM only in one case 0.3 cells/mm2 were observed (Fig. 5III). In all other 
experiments no viable cells were detected (Fig. 6III). In contrast, the treatment with MTX was 
less effective than with AM, because in one case a high number of viable LECs (28 
LECs/mm2) was found after incubation with aqueous MTX. This aspect indicates the limits of 
variation of the biological donor material.  
To determine the pure water-induced cellular damage and ablation by hypotonic shock 
pure water was examined as reference (Fig. 5IV). The high impact in terms of cell death and 
cell ablation by the use of pure water was similar to the effects observed with AM dissolved in 
pure water. The treatments with TETD and MTX were less effective than the treatment with 
pure water. 
I
III
II
IV
Fig. 6: Fluorescence microscopy (superimposed images of the Calcein/EthD-1 staining) of 
capsular rhexis specimens incubated with 10 µM drug/pure water for 5 minutes, bar: 200 µm. 
(I: TETD/pure water (specimen number: 19); II: MTX/pure water (specimen number: 28); III: 
AM/pure water (specimen number: 38); IV: pure water (specimen number: 49)) 
For a safe drug application 10 µM TETD, MTX and AM were embedded in 1 % 
hyaluronic acid sodium salt (HA) as viscoelastic, hydrophilic drug carrier and their actions 
were studied in a second experimental series. As reference the drug-free HA dissolved in pure 
water was tested. From our experiments with the drug-free HA (Fig. 7IV) it became evident  
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Fig. 7: Results from cell viability assessments of capsular rhexis specimens (each bar 
represents one specimen) incubated with 10 µM drug/HA for 5 minutes as logarithmic 
diagram. (I: TETD/HA; II: MTX/HA; III: AM/HA; IV: pure HA) 
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Fig. 8: Fluorescence microscopy (superimposed images of the Calcein/EthD-1 staining) of 
capsular rhexis specimens incubated with 10 µM drug/HA for 5 minutes, bar: 200 µm. (I: 
TETD/HA (specimen number: 47); II: MTX/HA (specimen number: 60); III: AM/HA 
(specimen number: 64); IV: pure HA (capsular bag specimen number: 76)) 
that HA decreases the number of viable cells considerably, but in comparison to pure 
water treatment (Fig. 5IV) more LECs stick to the basal membrane of the specimen. In our 
studies with the drug-loaded HA we have observed that TETD is less effective in HA 
regarding to LEC ablation, because we have found more viable LECs (up to 21.9 cells/mm2,
Fig. 7I) than in pure HA (up to 9.4 cells/mm2, Fig. 7IV). Figure 8I demonstrates the existence 
of viable cells on the surface of capsular rhexis specimens after incubation with TETD/HA. 
AM is more effective in HA than TETD, as it causes an important reduction of viable 
LECs (up to 0.8 cells/mm2, Fig. 7III). Furthermore by addition of AM into the HA matrix an 
increase in cell ablation in comparison to the drug-free HA matrix was achieved. 
Similar to the obtained results with MTX dissolved in pure water (Fig. 5II) MTX applied 
in HA was less effective than AM, because a high number of viable LECs (up to 21.7 
LECs/mm2) was found after MTX treatment (Fig. 7II). In addition the treatment with MTX 
embedded in HA showed a lower effectiveness in cell ablation than the treatment with the 
drug-free HA. 
AM has shown a more potent inhibitory effect than TETD, because a statistically 
significant difference (p < 0.05, Student t test) regarding the number of viable LECs was 
obtained between the group of capsular rhexis specimens treated with AM/HA when 
compared with the group treated with TETD/HA (Table 1). However, the differences between 
MTX and TETD or MTX and AM embedded in HA were not significant (p < 0.05, Student t 
test). In addition no statistically significant differences between TETD, MTX and AM applied 
in pure water were observed (p < 0.05, Student t test). 
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Table 1: Viable LECs (cells/mm2, %) after different drug treatments (mean value +/- standard deviation) and 
statistical comparisons (s. = significant, n. s. no significant) using Student t test with p < 0.05. 
Drug Drug treatment Viable LECs (cells/mm2) Viable LECs (%) 
TETD pure water* 0.8 +/- 1.2 0.06 +/- 0.09 
TETD HA** 6.0 +/- 7.3 0.44 +/- 0.53 
MTX pure water* 3.1 +/- 8.7 0.23 +/- 0.64 
MTX HA** 3.7 +/- 6.9 0.27 +/- 0.50 
AM pure water* 0.03 +/- 0.09 0.02 +/- 0.06 
AM HA** 0.1 +/- 0.27 0.07 +/- 0.19 
*) drug dissolved in pure water; differences between TETD-MTX n. s., TETD-AM s., MTX-AM n. s. 
**) drug embedded in HA; differences between TETD-MTX n. s., TETD-AM n. s., MTX-AM n. s. 
In comparison to the number of viable cells in the initial state (1361 +/- 482 cells/mm2) the 
tested drugs TETD, MTX and AM reduced the number of viable LECs on the capsular rhexis 
specimens by more than 99 % (Table 1). 
Discussion 
Different pharmacological concepts have shown an inhibition of LEC growth and PCO 
formation [18,19]. As pre-requisite for this success the biological effectiveness of drugs 
regarding the inhibition of LECs was examined in different in vitro [20,21,24,26,28,29,45] 
and in vivo animal models, such as in rats [39], rabbits [23,30,42] and monkeys [43]. 
Furthermore different methods for drug application were tested [25,32,33,35,44, 46]. 
Irrespective of the drug application the effective local drug concentration must have been 
adequate to reduce the LEC viability to result in a long-term decrease in PCO. Additionally, 
the agent-induced LEC ablation plays an important role for the prevention of PCO. 
For the evaluation of those pharmacological concepts and with the goal to reduce the 
number of later preclinical studies the effectiveness of active compounds has to be tested and 
optimized with experimental models. Therefore we have developed an ex vivo model that 
utilizes human capsular rhexis specimens obtained from routine cataract surgery. This 
experimental model allows for the differentiation of the number (quantitative data) and 
viability (qualitative data) of LECs on the surface of the capsular rhexis specimens.  
In relation to PCO prevention by using pharmacological concepts this model was then 
utilized to test the effects of drugs on LEC viability and on LEC ablation from the basal 
membrane.  
In our studies the non-dissociated model drugs TETD, MTX and AM were diluted with 
pure water in order to determine the action on LECs. However, while pure water is very 
efficient in vitro in cytolysis and cell ablation, it is insufficient in vivo, because the PCO 
appears few weeks postoperatively [23,42,44]. In contrast, antiproliferative drugs, such as 5-
fluorouracil [23], were effective in preventing PCO in the same time frame. Thus it appears 
that a combination of pure water with a pharmacological agent could lead to sustained results 
in vivo.  
Distilled or pure water might cause damage to other ocular cells and tissues. Therefore for 
a safe drug application in vivo the used model drugs were also embedded in HA as a 
hydrophilic polymeric drug carrier. We have calculated that the 1 % HA solution contains 25 
mM sodium ions whereas in isotonic (0.9 %) sodium chloride solution 154 mM sodium ions 
are present. Thus the HA solution includes only sixth part sodium ions and could therefore 
induce cellular damage and ablation. This assumption was confirmed with our ex vivo results 
(see Results).  
Our data show that the established ex vivo model is suitable to examine the drug-induced 
inhibition of LECs on the surface of the human capsular rhexis specimens. The advantage of 
our studies in comparison to conventional cell culture studies is that we can also observe the 
ablation of LECs from their natural substratum, the basal membrane. In summary, of the three 
tested drugs Actinomycin D was slightly more potent in cell ablation than Disulfiram and 
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Methotrexate. Furthermore a safe drug application can be achieved by using hyaluronic acid 
as a hydrophilic polymeric carrier. 
The ex vivo model is an option to differentiate the LEC viability and LEC ablation on the 
human capsular bag after drug treatment. However, further studies regarding the re-
proliferation potential of the residual viable LECs after the 5-minutes drug treatment are 
necessary to determine whether agents, such as AM, could be efficient in long-term PCO 
preventing in vivo.  
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OStachs (Germany)
SUMMARY
The fundamental idea of some approaches to achieve
potentially accommodating intraocular lenses is to
allow an axial displacement of the IOL optic. The
currently commercial available accommodative
implants are designed to convey ciliary muscle
activity via the haptic into an optic shift of the optic.
The aim of this contribution is the evaluation of haptic
geometry based on a three-dimensional reconstruc-
tion of single section, ultrasound biomicroscopic data
sets. To simulate accommodation, a test chamber
using an artificial capsular bag and a stretching device
was developed. The haptic regions of the Accommo-
dative 1CU and the CrystaLens AT-45 were scanned
in the simulation model during different accommo-
dative (stretched) states. These in vitro results were
correlated and used to describe the in vivo condition
in patients with these implants in different accommo-
dative states.
INTRODUCTION
Accommodation is the ability of the eye to project a
focused image, positioned at varying distances from
near to far, on to the retina. The physiological
decrease in accommodation with age (presbyopia) is
caused by a decrease in the elasticity of the crystalline
lens, an equatorial diameter change of the lens,
alterations in the elastic properties of Bruch’s
membrane, and atrophy of the ciliary muscle.17 After
cataract surgery and because the implanted
intraocular lens optic cannot change its position and/
or shape, pseudophakic patients cannot accom-
modate. However, as a result of a number of factors
(e.g., pupil size, myopic astigmatism, etc.), some
patients may have an increased depth of focus, called
pseudoaccommodation. To date, lens-based pseudo-
phakic accommodation has only been achieved by
multifocal IOLs and by an axial shift of the IOL optic.
Other surgical techniques like lens refilling with an
inflatable endocapsular ballon or flexible gel are in
early experimental stages. Additionally varying
outcomes have been reported: scleral expansion
surgery, zonal refractive keratectomy and decentred
LASIK.
The shift of the IOL optic occurs when the ciliary
muscle contracts and induces a change in haptic
configuration. Recently, several attempts using
different designs3, 13, 14, 19, 21, 26 [Hara 1990, Hardman
1990, Cumming 1996, Legeais 1999, Küchle 2002,
Sarfarazi 2003] have been made to achieve pseudo-
phakic accommodation. The basic approach to achieve
potentially accommodating IOLs is to allow an axial
displacement of the IOL optic. Quantification of axial
IOL movements induced by accommodation in humans
has been performed with ultrasound12, 14, 22, 24
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and with the highest resolution by using dual-beam
partial coherence interferometry.5, 6, 7, 8, 10 In terms
of understanding the principle of so-called accom-
modative IOLs, high frequency ultrasound23 is the
only tool available to visualize the IOL haptic
geometry hidden behind the iris diaphragm.
Unfortunately, high frequency sonographic image
analysis can be difficult if information from only
one plane is available. This contribution is based
mainly on two publications in Journal of Refractive
Surgery29, 31 and presents the three-dimensional
ultrasound evaluation of pharmacological-induced
haptic changes and accommodative response in
patients with the AT-45 and 1CU implant.
Three-dimensional Ultrasound Biomicroscopy
It has long been appreciated that three-dimensional
(3D) ultrasonic images can be produced from an
ordered series of scan planes. This technique was first
applied to the anterior segment of the eye by Iezzi,15
et al and required considerable effort and ingenuity
with regard to apparatus. Iezzi et al. used a scanning
control arm for a continuous z-movement and stored
the data on videotape for subsequent digitalization.
Silverman,27 characterized the ciliary body including
the state of the ciliary processes of rabbits and normal
human subjects using 3D high-resolution ultrasound.
There the scanning system consists of two orthogonal
linear stages with a computer-controlled stepping
motor.
In author’s laboratory a simple and low-cost
extension of the commercial Ultrasound Bio-
microscope Model 840 (Humphrey Instruments, Carl
Zeiss Group) into a userfriendly 3D- ultrasonic
imaging system was developed. Here 3D data sets
consist of B-scan stacks of in-parallel planes with a
defined distance between them. Patients were
scanned with the ultrasound probe coupled to the
eye with Methocel (Ciba Vision) and a normal saline
water bath. The examiner positioned the transducer
in the center of the ocular segment of interest using
standard B-mode. For 3D imaging the computer-
controlled scanning system moved the transducer
perpendicular (z-direction) to the B-scan plane (xy-
plane) over the area being scanned. For this motion
an additional miniature skid was mounted on the
original linear motor of the UBM scanning device
where the ultrasound transducer is attached. Because
of its weight it is not possible to attach also the drive
of this skid. Therefore the skid is powered from an
external stepping motor via a Bowden wire. The
video signal of the ultrasound unit is digitized using
a frame-grabber board (HaSoTec, Germany)
synchronized with the z-motion control system. That
means during image capturing the zmovement is
stopped and the image plane is exactly perpendicular
to the z-axis. 10 s acquisition time with a scanning
range of 2.5 mm was used for all subjects, which is
thought to be the maximum considering patient and
examiner movements. Thus, all 3D scans have the
same sampling density. The original UBM raw data
(256 scan lines x 1024 samples per line, 256- level
grayscale) pictured on the UBM display with 880 ×
440 pixels were converted into 440 × 440 pixels (256-
level gray scale) during capturing by the frame
grabber. No degradation of the image quality is
observable and the influence of the conversion is
negligible compared with the movement artefacts and
contour finding. The motion control and data
acquisition system is connected with an SGI
workstation via a local area network for 3D
reconstruction using AMIRA (TGS, San Diego, CA,
USA). This commercial volume rendering software
package provides an interactive environment
allowing features such as volume orientation for
viewing planes and 3D perspectives, segmentation
and determination of distances and surfaces. The
feature of model building allows outlining of
anatomic structures in space and can be used for
volume measurements.
An example for 3D imaging is given in Figure 45.1
showing the anterior segment with ciliary body.
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4 There are some publications about ex vitro andin vivo applications of these instruments.16,28,29,30,31
The investigations are mainly focused on accom-
modation studies and the evaluation of so-called
accommodative lenses.
Streching Device for in vitro Experiments
To simulate accommodation, a test chamber using an
artificial capsular bag and a stretching device was
developed.29 For analysis of the IOL performance,
the artificial capsular bag was mounted in a simulation
device. The arms of the fixture clamp the bag around
its periphery at eight points. Rotation of the inner
ring stretches or relaxes the bag (Figs 45.2A to C).
Inner ring rotation is accomplished by a stepping
motor driving a worm gear. The amount of stretching
correlates with the rotation of the inner ring. The
entire arrangement is submerged in water for
sonographic imaging. The haptic regions of the
Accommodative 1CU and the CrystaLens
AT-45 were scanned in the simulation model during
different accommodative (stretched) states (Figs
45.3A to C). These in vitro results were correlated
and used to describe the in vivo condition in patients
with accommodative implants.
In vitro Findings: Accommodative 1 CU
The posterior chamber lens 1CU was examined.
Theoretically, a contraction of the ciliary muscle, thus
a relaxation of the zonules, leads to a relaxation of
the capsular bag. The haptics turn and produce an
anterior axial shift according to the modified force
Fig. 45.1: 3D Reconstruction of the human ciliary body (anterior segment viewed from behind)
Fig. 45.2A to C: A and C. Artificial capsular bag, and B. stretching
device for accommodation simulation. The rotation of the inner
ring with pins (marked in B) shifts the arms and stretches or
relaxes the bag to simulate the force effects of the ciliary
muscle. The 1CU IOL is implanted29
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ratio in the haptic region. Our simulation experiments
show a similar effect during capsular bag relaxation.
A 0.5-mm change in r was used for maximal
relaxation/stretching. With this unphysiological and
unexpected amount of relaxation in humans, a
0.36-mm anterior shift was observed for the 1CU
caused by a haptic 10.4° angulation change. Using a
50-year lens and the linear regression of Strenk for
the ciliary body displacement, a 0.25 mm ciliary body
displacement can be assumed. A 0.28 mm anterior
IOL shift and an angulation change of 4.3° was
observed. For this lens, the theoretically predicted
30° haptic angulation change for 1-mm axial shift could
not be achieved.
In vitro Findings: CrystaLens AT-45
The three-dimensional reconstruction and the
interactiveselection of sections across the haptic
as well as a photographic image are shown in
Figure 45.6. In this example, the optic and the haptic
can be differentiated. The echo patterns are caused
by the polyimide construction of the plate haptic. The
posterior lens surface can be imaged, whereas this
interface cannot always beseen under different
Figs 45.3A to C: B-scan series exemplifying the stretching experiment (impact 1 CU)
Abbreviations: O = optic, PC = posterior capsule, H = haptic, AC = anterior capsule29
Fig. 45.4: Photograph and three-dimensional ultrasound biomicroscopy image and B-scan
of the 1CU in the artificial silicone capsular bag (CB).
Abbreviations: O = optic, # = fulcrum, H = haptic, and * = haptic ridge29
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scanning directions. The point # acts as the fulcrum
and is used as the center of rotation for angulation
determination. In the in vitro model, a maximal
forward shift of 0.50 mm (9.3° haptic angulation
change) for the AT-45 lens was observed using the
maximal radius change of 0.5 mm. For 0.25-mm radius
change as the expected value for the 50-year lens, an
axial shift of 0.33 mm with 4.5° angulation change
was found. In our model, equatorial changes can be
simulated, but vitreous pressure variations cannot
be simulated. Regarding the axial shift, the AT-45
performed 0.14 mm better compared to the 1CU for
0.5-mm radial displacement.
In vivo Investigations
Patients returned for follow-up between 4 and 12
weeks postoperatively depending on study.29, 31 The
objective refractometry was performed using a
Fig. 45.5: Change in angulation (left) and axial IOL movement (right)
by lens type showing the effect of equatorial stretching respectively relaxing29
Fig. 45.6:Photograph and three-dimensional ultrasound biomicroscopy image and
B-scan of the CrystaLens AT-45 in the artificial silicone capsular bag (CB).
Abbreviations: O = optic, # = fulcrum, H = haptic, and * = polyimide construction29
124
Intraocular Behavior of Accommodative Intraocular Lenses 403
Section 4
autorefractometer (Canon RK3). Distance visual
acuity was determined using a standard Snellen
projector system (Optostar IR-2000; Schwind,
Kleinostheim, Germany). Near reading vision was
determined using Birkhäuser reading charts (Scalae
Typographicae Birkhaeuseri, Birkhäuser Verlag) and
an illumination of 70 cd/m2. After determining best
and uncorrected far vision, near vision without
additional near/distance correction and with the
addition of +1.0, +2.0, +3.0, and +3.5 sphere, was
determined. Visual acuity values were expressed in
decimal values and logMAR. Details can be seen in
[Stachs 2005, Stachs 2006]. An in-house three-
dimensional ultrasound biomicroscope (UBM) was
used to evaluate IOL placement and haptic confi-
guration in patients with the AT-45 implant. The
principles of the UBM and three-dimensional UBM
have been described in detail elsewhere. The three-
dimensional reconstruction was performed using
Amira software (TGS, San Diego, Calif). Building
three-dimensional constructs allows outlining of
anatomical structures in space and can be used for
oblique reconstructions. In addition, the software
package ImageJ (National Institutes of Health,
Bethesda, Md) and MatLab (The MathWorks Inc.)
were used for the evaluation of haptic configurations
and axial changes in IOL position.
Three-dimensional UBM measurements were
carried out after pharmacologically induced
accommodation (two drops of pilocarpine 2 percent
administrated in 5-minute intervals) or disaccommo-
dation (two drops of cyclopentolate 1% administrated
in 5-minute intervals) on 2 consecutive days 4 weeks
after surgery. The ciliary body regions of four
patients were scanned 30 minutes after pharmaco-
logical treatment. The three dimensional volumes
were then used to identify the tangential plane of
the IOL haptic; an oblique reconstruction is possible
to perform the biometric measurements. The center
of rotation was placed at the fulcrum and the angle
between the IOL optic and haptic was measured
using the anterior IOL interface. Positive values in
angulation represent an anterior vaulting, and
negative values represent a posterior vaulting.
Changes in haptic angulation and the IOL shift were
analyzed (mean and standard deviation) using five
B-scans for each accommodative state and for all
patients. Positive values for change in anterior
chamber depth represent a forward shift of the IOL.
Accommodation Stimulus
Pilocarpine application is an objective way of
stimulating accommodation as it requires no
participation from the patient. Topical application of
pilocarpine is advised and commonly used to
stimulate accommodation. Variability in accommo-
dation amplitudes is partially due to the capability
and attendance of volunteers to accommodate to
various kinds of stimuli. Using pilocarpine, this
subjective component to accommodation is elimi-
nated; however, the role of pilocarpine must be
discussed. Abramson et al. measured the accom-
modation effect in human individuals using A-scan
ultrasound. They determined a greater increase in
axial lens diameter after pilocarpine application than
is possible with stimulus-driven accommodation.
Thus, topical application of pilocarpine may
produce overstimulation of the ciliary muscle. These
early results are consistent with the findings of
Findl10, 11, 18 and Köppl [Köppl 2003] who used dual-
beam partial coherence interferometry. These studies
have shown a difference in lens movement between
pilocarpine-induced and stimulus-driven ciliary
muscle contraction. Pilocarpine acts “physiologically”
in young phakics and as a superstimulus in presbyopic
phakics and pseudophakes. Therefore, IOL
movement and angulation change data may be
overestimated when using pilocarpine.
In Vivo findings: Accommodative 1CU
Figure 45.7 shows a three-dimensional reconstruction
and the image analysis of a 1 CU haptic region.
Changes in angulation and ΔACD by four different
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individuals show the effect of cyclopentolate and
pilocarpine 4 months postoperatively (Fig. 45.8). In
disaccommodation, a haptic angulation between 2°
and 4° caused by capsular bag shrinkage and
secondary cataract formation is visible. This could
mean that a haptic angulation is already present in
the disaccommodated state. In the cases studied,
pilocarpine induced an additional angulation
variation between 5° and 10° for the 1CU IOL, which
causes a change in anterior chamber depth between
0.2 and 0.5 mm. Using Gullstrand’s eye model, this
0.2 mm forward movement results in a refraction
change <0.38 D (0.95 D for 0.5 mm of movement),
depending on exact IOL position. These findings are
in agreement with the results of Findl et al.6, 10, 16
Using partial coherence interferometry, et al. Findl
found a moderate forward movement under
pilocarpine with induced mean accommodative
amplitude of 0.50 D. These mechanical performance
of the does not appear to provide the range of
accommodation necessary for close work.
In vivo Findings: CrystaLens AT-45
The echo characteristics of the AT-45 seen in Figure
6 were used to describe the in vivo situation in four
patients with accommodative implants 4 weeks after
surgery. Figure 45.9 shows the haptic region of a
71-year-old woman after pilocarpine instillation. A
haptic angulation of 33° (uncorrected 190°) compared
with the relaxed IOL haptic (0°, uncorrected 157°) is
seen in this case. For a descriptive visualization of
changes in angulation depending on the accom-
Figs 45.7A to D: A and B. Three-dimensional reconstruction; and C and D image analysis (with design drawing) of the 1CU
haptic region in a 75-year-old patient 4 months postoperatively (disaccommodation). A 6° haptic angulation compared with the
relaxed IOL condition is observed29
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modation state, corresponding UBM sections were
superimposed. Figure 45.10 demonstrates the
situation under cyclopentolate (red) superimposed
on a UBM section under pilocarpine stimulation
(gray) for two patients. Pilocarpine induced an
additional angulation change in patient 1 (Fig 45.2A)
and no changes for patient 2 (Fig 45.2B) compared
with the configuration after cyclopentolate treatment.
The pilocarpine instillation causes a forward shift in
patient 1 and no changes in patient 2. The results of
the four eyes are summarized in Figure 45.11. Under
cyclopentolate, a haptic angulation between 10° and
26° was found. A mean change in haptic angulation
of 3.3 ± 3.3° (range: 0° to 7°) and a mean forward
shift of 0.13 mm (range: 0.06 to 0.2 mm) were
observed under pilocarpine treatment. An accom-
modative amplitude of 0.44 ± 0.24 diopters (D) (range:
0.25 to 0.75 D) was found in the four eyes using a
Hartinger coincidence refractometer.
Fig. 45.8:Angulation and anterior chamber depth (Δ ACD) by
subject (implant 1CU) showing the effect of cyclopentolate
and pilocarpine (Δ = angle of difference to the relaxed haptic
configuration, o = change under pilocarpine treatment; mean
± standard deviation). Positive values for ΔACD represent a
forward shift of the IOL under pilocarpine29
Fig. 45.9A to D: Three-dimensional reconstruction and D image analysis of the AT-45 haptic region (patient 1: 71-year-old
woman, 4 weeks after surgery, pilocarpineinduced accommodation). The fulcrum is marked (#). The optic (O) and haptic (H)
are well differentiated, whereas the echo pattern (*) is caused by the polyimide construction of the AT-45 plate haptic. The 157°
angle for the relaxed haptic configuration was set to zero for angulation change determination. A haptic angulation of 33°
(uncorrected 190°) compared with the relaxed IOL haptic is observed. O = optic, H = haptic, * = polyimide construction, # =
fulcrum, I = iris, CB = ciliary body31
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For the AT-45, the proposed mechanism is that
accommodation restoration occurs through the ciliary
muscle activity. The manufacturer has developed the
lens to provide good vision at all distances by moving
backward and forward along the optical axis of the
eye in response to pressure changes in the vitreous
and anterior chamber. In the cases studied, pilocarpine
induced an angulation change between 0° and 7°
(mean 3.3 ± 3.3°) compared with the situation under
cyclopentolate. The angulation change causes a
change in anterior chamber depth between 0.06 and
0.2 mm (mean 0.13 ± 0.08 mm). Using Gullstrand’s
eye model and a 20.0-Dpt IOL placed in the bag, the
observed maximal 0.2-mm forward movement results
in a refraction change 0.4 D, depending on the exact
IOL position. The cases studied showed a maximal
accommodation response of mean 0.44 ± 0.24 D
(range: 0.25 to 0.75 D) measured by a Hartinger
coincidence refractometer. This value is slightly larger
than the calculated values using Gullstrand’s eye
model, possibly caused by individual pseudo-
accommodative effects (e.g., pupil size, myopic
astigmatism, etc.).
Pilocarpine-induced ciliary muscle contraction
caused a slight change in haptic angulation and an
anterior shift of the AT-45 in these four eyes. This
slight change in angulation and the anterior shift
resulted in an accommodative amplitude between 0.25
and 0.75 D. Therefore, in these four eyes, the AT-45
did not seem to provide the range of accommodation
necessary for close work. We expect that capsular
fibrosis and capsular bag shrinkage result in a
hardening of the haptic and optic in the capsule,
resulting in further decrease of the accommodative
performance later postoperatively.
Fig. 45.11:Change in angulation (°) and anterior chamber depth
(ACD) [mm]) as well as accommodation amplitude (D) in
at –45 patients showing the effect of cyclopentolate (cross)
and pilocarpine (circle). Positive values for change in anterior
chamber depth represent a forward shift of the IOL. Positive
values in angulation represent an anterior vaulting31
Figs 45.10A and B: Superimposed UBM sections showing the effect of cyclopentolate and pilocarpine in two patients—
A. patient 1, 71-year-old woman and B. patient 2, 77- year-old woman. The disaccommodated state after cyclopentolate
treatment (red) and under pilocarpine stimulation (gray) is shown. S = sclera, I = iris, CB = ciliary body, H = haptic, O = optic31
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CONCLUSION
One of the challenging tasks of the cataract surgery
is the conservation or restoring of the accommodative
performance in pseudophakic patients. Various
attempts have been made so solve the problem of
presbyopia. One example is the development of so-
called accommodative IOL’s. The in vitro simulation
device examined with three-dimensional ultrasound
biomicroscopy provided information on the accom-
modative performance of these potentially accom-
modative IOL designs. Using three-dimensional
ultrasound biomicroscopy, corresponding changes in
haptic angulation during pharmacological induced
accommodation were observed. Pilocarpine-induced
ciliary muscle contraction caused a change in haptic
angulation and an anterior shift of the investigated
IOL’s, which resulted in approximately an estimated
accommodative amplitude between 0.40 and 0.95 D
(1CU) as well as 0.25 and 0.75 (AT45) The mechanical
performance of the investigated IOL’s
in vitro and in the eyes studied does not appear to
provide the range of accommodation necessary for
close work.
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Introduction
"Measure whatever can be measured, and
what cannot be measured, make measurable"
Galileo Galilei
"What cannot be made measurable …?"
Herbert Pietschmann
The pioneer work in the area of ophthalmic
echography was already performed before 1960. This
work fertilized other areas of ultrasound use.
Nevertheless, ophthalmology was neglected for a long
time when new machines were developed. A highly
developed diagnostic tool evolved which was mainly
based on the A-mode. Ossoinig, in particular,
described this under the general concept of "standard-
ized echography". Since the last 20 years ophthalmo-
logic machines have been available which use digital
processing, thereby producing temporal and spatial
high-resolution echograms[1]. This easily interpretable
method of presentation facilitates learning the first
steps of making an ultrasound diagnosis. 
This chapter attempts to delineate the possibil-
ities of ultrasonography in our specialty, while putting
the cross-section display at the centre of our consider-
ations. By comparing the ultrasound display with
histopathologic sections, we try to demonstrate the
limits of ultrasound diagnosis. Computerized B-scan
guided ultrasound Doppler equipment has been intro-
duced into the ophthalmology, and has opened up
remarkable new perspectives. Examples of colour-
coded Doppler examinations are given for the differ-
ential diagnosis of intraocular tumours and the differ-
entiation of ocular and orbital vascular diseases. In
this way we attempt to determine the position of ultra-
sound diagnosis in the clinical decision-making
process, thereby facilitating the learning process for
the neophyte.
This short chapter does not attempt to replace
standard text books of ophthalmic ultrasound [2-8]. It
updates clinically most relevant facts to introduce and
stimulate also non-specialists in ophthalmic ultra-
sound as it is the firm conviction of the authors that
ultrasonography should be considered as an every-
days tool of every ophthalmologist whenever optic
examination techniques do not lead to clear decisions.
Ophthalmic Ultrasonography - 
Past, Present and Future
Toward the end of the 19th century it was
found that acoustic energy also existed outside of the
limits perceived by the human ear. This was a scientif-
ically fruitful time during which radio waves, radioac-
tivity and Roentgen rays were discovered. However,
only a few scientists concerned themselves with ultra-
sound. In 1793 the Italian scholar Spallanzani  discov-
ered that bats could fly in a completely darkened sur-
rounding[9]. If the animal’s heads were covered by
hoods, they could not avoid obstacles when flying,
even when the hoods were transparent. Spallanzani
Chapter 8
Ultrasonography within the
Framework of Ophthalmologic 
Differential Diagnosis
Rudolf F. Guthoff, MD
Oliver Stachs, PhD
131
modified these experiments in order to prove that type
of hearing helps the animals in orientation. Rather
than using hoods, he placed wax spherules into ani-
mal’s auditory canals; this also eliminated their facul-
ty of orientation. He postulated: "The uncanny faculty
of bats to orient themselves when flying in darkness is
connected with hearing."
Spallanzanis contemporaries thought the con-
cept that bats could "see with their ears" was absurd.
Scientists ridiculed the so-called Spallanzani bat prob-
lem. Finally, in 1940 Griffin and Galambos proved the
connection [10]. Bats and some water mammals have the
capability to emit ultrasound impulses and then recog-
nize and evaluate their echoes; this actually represents
the principle of clinical ultrasound diagnosis.
It took a long time before the discovery of
ultrasound energy was applied purposefully. The
brothers Curie described in 1880 the piezo-electric
effect. They discovered that by mechanically pressing
on a tourmaline crystal, a difference in electric poten-
tial is created between opposing surfaces. On the other
hand, an electric current will deform the shape of the
crystal.
During World War I, the French physicist, Paul
Langevin, used an underwater orientation device
which, on the basis of the piezo-electric effect, was
capable of emitting and receiving ultrasound waves
under water. His device became the principle for the
sonar  system  which  was important during World
War II.
The invention of the so-called "reflectoscope"
by Firestone (1942) was the most significant advance
for ultrasound diagnosis. This instrument is used for
testing different kinds of material without damaging
the material itself. With a similar device, Ludwig
(1949) succeeded in detecting gallstones in patients.
The first publication on ophthalmologic ultrasound
diagnosis appeared in 1956 and was published by G.
H. Mundt and W. F. Hughes[11]. They succeeded in
localizing intraocular tumours with a certain degree of
reliability. In 1958 Baum demonstrated the B-scan [12].
The A- and B-scan formats became, and remain, the
bases of ophthalmic biometric applications and diag-
nostic imaging, respectively.
The A-scan is displayed in the form of a plot of
echo amplitude along a single line of sight. By measur-
ing the time interval between emission of the acoustic
pulse and echo return, the range to the tissue structure
generating the echo can be determined. In 1957 Oksala
and Lehtinen published a series of fundamental
papers  on  the  ophthalmic A-mode diagnostic
method[13-16]. This method was further developed, espe-
cially in Europe[1, 17-19], and was complemented by the
diagnosis of orbital processes and by biometry [20]. The
ability to measure axial length (the distance from the
cornea to the retina) facilitated a revolution in cataract
surgery in the 1970s. By the mid-1970s, ultrasound
technology had made the determination of axial
length possible in a clinical setting. This, in combina-
tion with corneal curvature measurement (keratome-
try), allowed the development of IOLpowering formu-
lae, several of which were proposed at that time.
Currently, optical interferometry provides an alterna-
tive to ultrasound for the measurement of axial length.
Optical techniques, while very accurate, cannot be
used in circumstances where opacities such as dense
cataract are present.
The B-scan is a two-dimensional (2-D) cross-
section image formed by mechanically sweeping the
direction axis of the transducer over an angle of, typi-
cally, 50–60º. G. Baum and J. Greenwood introduced
their two-dimensional B-mode to ophthalmology[2].
They stated that their apparatus simulates a slit lamp,
except that a pulsed ultrasound beam is substituted
for the light beam. It projected light-modulated points
on a screen, thereby obtaining acoustic tissue sections.
They succeeded already in recognizing retinal detach-
ment, hemorrhages and even orbital pathologic
changes. This technique required a complicated water
bath coupling between the eye and the transducer.
Bronson (1972) developed a hand-held contact B-mode
transducer [21]. This led to rapid dissemination of echo-
graphic diagnostic methods in ophthalmology. The
realtime nature of the examination facilitates evalua-
tion of retinal detachment and vitreous membranes, as
well as the capability of visualising the pulsation of
vessels in tumours. 
In the early 1990s, ultrasound systems operat-
ing at 35–50MHz became available and were used to
image the anterior segment of the eye, consisting of
the cornea, iris, anterior chamber, ciliary body and
lens. Owing to the fact that attainable axial resolution
is inversely related to frequency, these systems provid-
ed a four- or five-fold improvement in resolution rela-
tive to the 10MHz scanners that were used until then.
When 1990 Pavlin, Sherar and Foster published their
first paper on "Subsurface ultrasound microscopic
imaging of the intact eye"[22] ophthalmic ultrasound
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has regained the cutting edge of ultrasound technolo-
gy which, in terms of high resolution ultrasound imag-
ing is still unsurpassed. The first commercial instru-
ment manufactured by Zeiss-Humphrey was an out-
growth of the work of Pavlin and Foster and was
widely applied for studies of pathologies affecting the
anterior segment, such as glaucoma, tumours and
cysts of the iris and ciliary body, hypotony, hyphaema
and trauma.
The authors’ laboratory developed a prototype
scanning system for 3D imaging based on the Zeiss-
Humphrey instrument. These systems generating
high-resolution images, allowed the acquisition of
scans in a series of ordered planes, from which 3-D
images could be constructed [23, 24] (Figure 1).
Refractive surgery presently is benefiting from
developments based on the work of Coleman,
Silverman and Reinstein where high frequency ultra-
sound arc scanning allows anterior segment imaging
without any anamorphic distortion [25-28]. They devel-
oped an arcshaped scan geometry, allowing them to
maintain constant range and normal incidence to the
corneal surface. This technology is called Artemis-2,
manufactured by Ultralink LLC. In addition to provid-
ing quantitative analysis of the cornea, the Artemis-2
allows visualisation of the entire anterior segment in
one scan, and is therefore useful for measurements of
angle-to-angle and sulcus-to-sulcus dimensions (cru-
cial for the proper sizing of phakic lens implants)
introduced for refractive correction. An example of the
anterior lens shape in accommodation and disaccom-
modation is shown in Figure  2.
Examination  Techniques
Recommendations for a Rational
Sequence of Examinations
The Examination Procedure
The echographic examination of the eye and
the orbit can be performed in a facile way if the patient
lies flat or sits in an examining chair that can be tilted
backwards. Infants and children are best examined in
their mother’s arms.
The high frequency of the ultrasound cannot
be transmitted through air; therefore, a gel-like contact
substance, e.g. 2% methylcellulose solution, has to be
applied to the transducer or to the patient’s skin.
Sterility should not be a problem if commercially
available gels are used. The transducer is cleaned by
wiping with a disinfectant, whereby the number of
microorganisms can be kept low. If sterile conditions
have to be maintained (e.g. when examining during a
surgical intervention), a sterile plastic finger cot or sur-
gical glove can be pulled over the transducer. In order
to reduce impedance differences between the mem-
branes, it is necessary to apply a drop of the methylcel-
lulose solution on the transducer to guarantee direct
coupling. In the area of the exit window of the ultra-
sound, the plastic finger cot should be in direct contact
with the transducer cover.
Examining through the closed lid does not
appreciably weaken the sound energy. This allows a
wide radius of rotation when turning the transducer.
In order to facilitate quantitated gaze movements, the
nonexamined eye should be only partly covered.
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Figure 1: 3D high-frequency  image  of  the  anterior  segment  with
ciliary  body  and  zonula  ciliaris.
Figure 2: Cross-section of the anterior lens in accommodation (grey)
and disaccommodation (red); (Artemis-2, Ultralink).
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Direct contact of the transducer with the globe
is only necessary for special A-mode techniques. In
this way the less well-defined sound attenuation by
the lids can be avoided when using quantitative exam-
ination techniques. One problem for biometric meas-
urements of the axial length is the coupling pressure,
which necessarily leads to a minimal deformation of
the globe [29].
Principles of Obtaining the
Optimal Ultrasonogram
During the entire examination, we should pay
attention so that:
1. The examination structure is in the middle
of the scanned sector; and
2. Acoustic interfaces are at a right angle to the
propagation direction of the ultrasound.
These postulates can be fulfilled by correspon-
ding changes in the patient’s gaze and by the appro-
priate movements of the transducer (kinetic echogra-
phy). It is absolutely necessary to follow these rules if
we want to quantify signal intensities (quantitative
echography).
Spontaneous Motions as a
Diagnostic Sign
Already after a few examinations, the echo-
graphic neophyte will realize that diagnosis can only
be made during the examination procedure. He will be
impressed by the extent of intraocular movements, e.g.
of floating vitreous opacities (Figure 3). The type of
aftermovements of the vitreous induced by changes in
the patient’s gaze also provides valuable information.
Some pathologic processes will produce echographi-
cally demonstrable movements which are extremely
important for the diagnosis. Among these are arteri-
ovenous fistules of the orbit or the effect of blood flow
within highly vascularized melanomas. It is also
important to examine all normal anatomical structures
from different directions so that we get a clear picture
of the extent of a pathologic process.
Identical examination parameters are difficult
to reproduce during an examination – and even more
so during a follow-up examination. We have discussed
the importance of calibrating and standardizing the
instrument. The variables induced by the examiner
represent an uncertainty factor which cannot be quan-
tified. The ultrasound reflected by the tissues is influ-
enced by the angle under which the transducer is
applied, by the location of the scanning plane, by the
position of the globe and, not least of all, the pressure
with which the transducer is applied.
The "Critical Moment" Decides
In X-rays and in magnetic resonance imaging
we project the soft tissues onto skeletal structures which
are imaged simultaneously. This allows an unequivocal
topographic orientation. Echographic techniques imag-
ing soft tissue only, however, need "landmarks" for the
orientation. Such landmarks are the entrance of the
optic nerve into the globe (Figure 4) or the insertions of
the extraocular muscles (Figure  5). Amplification con-
trol plays an important role in gaining orientation in the
area to be examined. Absorption of ultrasound energy
in the tissue depends upon the specific sound running
time. It is therefore impossible to display with equal
quality in acoustic cross section structures lying at dif-
ferent distances from the transducer.
In the B-mode echogram, quality of imaging is
identical with creating "a pretty image" in which the
crucial structures can be well recognized. It is therefore
not only necessary to shift our attention to various
structures, but also to adjust amplification so that we
always obtain an optimal setting of the apparatus.
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Figure 3: (a-d) Aftermovements of a vitreous membrane adherent to
the area of the exoplant. 
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No examination should be terminated before
all echographically visible structures, from the ciliary
body to the orbital soft tissues, have been evaluated.
Anybody who is well versed in the method will take
no more than a few minutes for this type of screening.
The Three-Dimensional Image
The  introduction  of  rapid  scanning contact
B-mode devices with high resolution power has made
the results of our examinations much more vivid.
However, constructing a three-dimensional image
from individual acoustic sections may occasionally
represent difficulties (Figure 6). Bronson (1976) refers
in this connection to the surprising cross sectional
images which can be obtained when examining a wine
bottle (Figure 7)[21].
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Figure 4:  a) Cross sectional echogram through a normal globe; the
arrow marks the entrance of the optic nerve. b) Schematic drawing.
Figure 5:  a) Image of the globe and the orbit. The insertions of the
recti  muscles  (arrow) projected onto the ocular coats provide some
orientation.  Distance of muscle insertion to limbus is about 8mm;
NO = optic nerve. b) Schematic drawing.
Figure 6: (a, b) Schematic drawing of traction detachment in two
planes at 90o to each other. Only examination from different directions
enables us to differentiate strands and membranes.
Figure 7: Bronson has pointed out the surprising sectional
images which we obtain when examining a wine bottle echo-
graphically.
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The currently available instruments suggest a
course of examination which, independent of the
problem at hand, consists of four steps (Figures  8-11).
106
Diagnostic and Imaging Techniques in Ophthalmology
Figure 8: 3D contour determination using a scan
unit of OTI (Ophthalmic Instruments, Inc.).
Figure 9: Example for the
automated contour finding
procedure of space-occupy-
ing lesions (OTI,
Ophthalmic Instruments,
Inc.)
Figure 10: Example for 3D rendering of the posterior segment with
marked areas of interest and outlined space-occupying lesions (OTI,
Ophthalmic Instruments, Inc.).
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1. Finding the known anatomical landmarks
with the help of contact B-scan technique;
2. Determining the location of pathologic find-
ings with special consideration of the motility of
pathologic structures;
3. Giving a detailed description of the patho-
logic findings on the basis of its reflection properties
considering quantitative echography (comparison
with standards) and estimating the sound attenuation;
4. Including all available clinical information
for final evaluation.  
Figures 8-10 show examples for automated
contour finding procedure, 3D rendering and volume
determination.
The Integration of B-Mode Doppler
Instruments (Duplex Scanner) 
The routine A- and B-mode techniques have
matured; the possibilities and limitations of these
methods are known. Only during the last years have
we been able to use the Doppler effect of frequency
shifts to evaluate and measure movements within a
tissue and flow conditions within vessels. These fre-
quency shifts can be observed in tissue volumes of less
than 10mm; they therefore represent additional infor-
mation about the circulation in small tissue areas. So
far there is no instrument available which is designed
specifically for use in ophthalmology. On the basis of
interesting results in cardiology and pediatrics [30], it
seems worthwhile to use similar instruments in oph-
thalmology [31, 32]. With this examination method small
tissue areas can be investigated in cross sectional
echograms and tested for a frequency shift. By colour
coding a large ultrasonic cross section, all areas in
which a frequency shift occurs can be made conspicu-
ous by a specific colour. The first results were reported
and summarized in 1989 [32].
Figure 11: Surface plot for volume determination of
space-occupying lesions (OTI, Ophthalmic Instruments,
Inc.)
Figure 12: Cross sectional ultrasonogram through the posterior pole
of the eye, color-coded signals from central retinal artery (red) and
central retinal vein (blue) are displayed inside the distal optic nerve.
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Ultrasound Biomicroscopy
Ultrasound biomicroscopy is a recent tech-
nique  to  visualize  the  anterior  segment with the
help  of  high frequency ultrasound[3]. Pavlin and
Foster developed this technique at the Princess
Margaret Hospital at Toronto, Canada in 1989. They
developed three probes - 50, 80 & 100 Mhz for clinical
trials [33, 34]. 80 & 100 MHz probes were used to see the
cornea and the anterior chamber as the depth of pene-
tration is only 2 mm. They reached to a conclusion that
a 50 MHz is an ideal compromise between depth and
resolution to visualize the entire anterior segment.
They published  the  first  papers on UBM in 1990 [22].
The first commercially available machine was devel-
oped by Zeiss in 1991. These machines were available
with 30 and 50 MHz probes. 
The transducer used mainly in UBM’s has a
frequency of 50 MHz. The radiofrequency of 50 MHz
is produced by a piezoelectric crystal[35]. This radiofre-
quency penetrates the body tissue and is reflected back
to the transducer. Normal B-scan transducer has oil
filled covering with a membrane over the piezoelectric
crystals. The penetration of the 50 MHz UBM trans-
ducer is poor, hence the transducer has an open crys-
tal and there is no membrane covering the crystal. In
UBM’s the movements of the transducer have to be
subtle to scan appropriate areas in the anterior seg-
ment. To enable this subtle movement there is a special
motion control device for the transducer. The trans-
ducer is mounted on a skit for a linear scan fixed on a
large handle.
The most important limitation of UBM is
depth. UBM cannot visualize structures deeper more
that 4 mm from the surface. The other limitation is that
UBM cannot be performed in presence of an open
corneal or scleral wound.
UBM is done with the patient in the supine
position and the eye is open. Since the piezoelectric
crystal of the transducer is open it should not come in
direct contact with the eye to prevent injury to the
cornea. There is a special cup which fits in between the
eyelids, keeping them open. The eye cup is filled with
saline or sterile methylcellulose. The crystal of the
transducer is placed in saline approximately 1- 2 mm
from the eye surface. Images produced by UBM have
a  resolution  of  30-40 microns hence they are seen
similar to those seen on a low power microscope [36]
(Figure 14).
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Figure 13: a) Using highest sensitivity of the amplifier
and decreasing the wall filter setting, we can differentiate
between a structure of red color coding (vessels with the
flow toward the transducer) and a circumscribed  area
close to the peak of the melanoma in which the blood flows
away from the transducer (blue). This type of sonography
may give us new clues as to planning and controlling the
treatment of intraocular tumours. b) Color-coded Doppler
signal analysis shouws that this area is the origin of fre-
quency shifts toward the transducer.
a b
Figure 14: UBM images of the anterior segment, A – ciliary body area,
B – ciliary processes, C – anterior chamber with sclera and lens.
a
b
c
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The cornea is the first structure seen on ultra-
sound biomicroscopy. The anterior chamber is seen as
an echo-poor area between the cornea and the iris. The
anterior chamber depth can be measured from the pos-
terior surface of the cornea to the anterior lens pole.
The posterior lens pole can not be imaged.
The iris is seen as a flat uniform echogenic
area. The iris and ciliary body converge in the iris
recess and insert into the scleral spur. The area under
the peripheral iris and above the ciliary processes is
defined as the ciliary sulcus. The angle can be studied
in a cross section by orienting the probe in a radial
fashion at the limbus. The scleral spur is the most
important landmark in the angle on UBM. The exact
quantification of the angle measurement and struc-
tures around the iris.
The ciliary body can be clearly defined by
UBM from the ciliary processes to the pars plana. The
ciliary processes vary in appearances and configura-
tion. The axial view of the ciliary processes is seen
when taking a section of the angle. The individual
processes are better seen in a transverse section
through the ciliary processes. The posterior ciliary
body tapers off towards the pars plana. The anterior
zonular surface can be consistently imaged by UBM.
The zonules are seen as a medium reflective line
extending from the ciliary processes to the lens sur-
face. The posterior chamber is defined as the space
between the anterior vitreous face and the posterior
surface of the iris.  Indications for UBM: 
• Glaucoma 
• Uveitis
• Trauma
• Tumours
• Scleritis
Recently some other instruments are on the
market e.g. P60 UBM (Paradigm Medical Industries
Inc.) and VuMax UBM 35/50 (Sonomed Inc.) using the
sector scan technique (Figure 15). Anterior and poste-
rior lens pole can be imaged with booth instruments.
Although none of the instruments achieve the spatial
resolution of the Zeiss-Humphrey unit.
3D Ultrasound Biomicroscopy
It has long been appreciated that three-dimen-
sional (3D) ultrasonic images can be produced from an
ordered series of scan planes. This technique was first
applied to the anterior segment of the eye by Iezzi et
al. [37] and required considerable effort and ingenuity
with regard to apparatus [27, 38, 39]. Iezzi et al. used a scan-
ning control arm for a continuous z-movement and
stored the data on videotape for subsequent digitaliza-
tion. Silverman et al. [28] characterized the ciliary body
including the state of the ciliary processes of rabbits
and normal human subjects using 3D high-resolution
ultrasound. There the scanning system consist of two
orthogonal linear stages with a computer-controlled
stepping motor. 
In author’s laboratory  a simple and low-cost
extension of the commercial Ultrasound Biomicro-
scope Model 840 (Humphrey Instruments, Carl Zeiss
Group) into a userfriendly 3D- ultrasonic imaging sys-
tem was developed.  Here 3D data sets consist of B-
scan stacks of in-parallel planes with a defined dis-
tance between them. Patients were scanned with the
ultrasound probe coupled to the eye with Methocel
(Ciba Vision) and a normal saline water bath. The
examiner positioned the transducer in the center of the
ocular segment of interest using standard B-mode.
For 3D imaging the computer-controlled scan-
ning  system  moved  the  transducer  perpendicular
(z-direction) to the B-scan plane (xy-plane) over the
area being scanned. For this motion an additional
miniature skid was mounted on the original linear
motor of the UBM scanning device where the ultra-
sound transducer is attached (Figure 15). Because of its
weight it is not possible to attach also the drive of this
skid. Therefore the skid is powered from an external
stepping motor via a Bowden wire. 
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Figure 15: The anterior segment using the VuMAX UBM 35/50,
Sonomed, Inc.
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The video signal of the ultrasound unit is dig-
itized using a frame-grabber board (HaSoTec,
Germany) synchronized with the z-motion control
system.  That means during image capturing the z-
movement is stopped and the image plane is exactly
perpendicular to the z-axis. 10 s acquisition time with
a scanning range of 2.5 mm was used for all subjects,
which is thought to be the maximum considering
patient and examiner movements. Thus, all 3D scans
have the same sampling density. The original UBM
raw data (256 scan lines  x 1024 samples per line, 256-
level grayscale) pictured on the UBM display with
880x440 pixels were converted into 440x440 pixels
(256-level gray scale) during capturing by the frame
grabber. No degradation of the image quality is
observable and the influence of the conversion is neg-
ligible compared with the movement artefacts and
contour finding. The motion control and data acquisi-
tion system is connected with an SGI workstation via
a local area network for 3D reconstruction using
AMIRA (TGS, San Diego, CA, USA). This commercial
volume rendering software package provides an inter-
active environment allowing features such as volume
orientation for viewing planes and 3D perspectives,
segmentation and determination of distances and sur-
faces. The feature of model building allows outlining
of anatomic structures in space and can be used for
volume measurements.
An example  for  3D  imaging  is given in
Figure 16 showing the anterior segment with ciliary
body. There are some publications about ex vitro and
in vivo applications of these instruments[23, 24, 40-43]. The
investigations are mainly focused on accommodation
studies and the evaluation of so-called accommoda-
tive lenses.
Practical  Approaches  based  on
Ultrasonography
We shall attempt in this chapter to represent a
brief discussion on the role of echography within rou-
tine clinical practice. We shall only exceptionally men-
tion those disease entities for which echography is not
of diagnostic help.
The  Red  Eye
The conjunctival vessels can easily be exam-
ined with biomicroscope because they lie superficially
in the tissue, and the conjunctive is only slightly pig-
mented. The degree of blood flow is regulated by arte-
riovenous anastomoses, which can be influenced by
locally synthesized inflammatory mediators[44]. This
clinically produces the picture of a circumscribed
hyperemia in which all vessels, which are otherwise
transciently open, will be filled with blood. This pro-
duces an intensive red discoloration which may be
confined to the bulbar conjuncitva or may involve the
entire conjunctival sac. On the other hand, passive
hyperemia, as it is caused by a cavernous sinus fistule,
will dilate the vascular network, in which, after a pro-
longed course, the blood vessels become rarified
(Figure 17).
Frequently, the clinical picture or history alone
will not suffice for a differentiation between the active
hyperemia produced by inflammatory mediators from
a purely mechanical orbital congestion. 
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Figure 16: 3D Reconstruction of the human ciliary body (anterior seg-
ment viewed from behind).
Figure 17: Spontaneous arteriovenous fistula of the cavernous sinus
in a 83-year old woman. Increasing unilateral dilatation of the episcle-
ral veins for the preceding four weeks. Progressive non-specific
decreased ocular motility. a) Horizontal cross sectional echogram
through the nasal part of the orbit. b) Frontal cross sectional
echogram. The overload on the venous vascular system has not only
dilated the vein, but has also led to a circumscribed edema in Tenon’s
space, a widening of the recti muscles (here of the medial rectus), and
a peripheral choroidal  detachment. c) Schematic drawing.
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Echography can give us important clues con-
cerning the differential diagnosis [45]. In Table 1 the final
diagnosis of 93 patients are listed. Their main sign was
a dilatation of the conjunctival and episcleral vessels,
and echography was useful in establishing the correct
diagnosis.
A spontaneous carotid cavernous sinus fistule
will most often lead to a circular dilatation of the epis-
cleral vessels. In patients with orbital pseudotumor, a
sectorial vascular dilatation usually points toward an
involvement of extraocular muscles. If all other etio-
logic  factors  can  be  excluded, these patients with
unilateral  increased  intraocular pressure may suffer
from an idiopathic dilatation of the episcleral veins[46-48].
A massive  circular  vascular  dilatation is the princi-
pal sign of a brawny scleritis. The differential diagno-
sis is especially  important  here  because  the intraoc-
ular elevation  can clinically and echographically not
be differentiated from a choroidal melanoma[49,50].
Unfortunately, neither A- nor B-mode echography pro-
vides reliable differential diagnostic points, so that this
disease, even today, may occasionally lead to an
unnecessary enucleation because a melanoma had
been suspected. A pseudotumor of the anterior orbit
may  lead  to  less conspicuous and partly sectorial
vascular dilatations. In myositis a few or individual
extraocular muscles are affected and the conjunctival
hyperemia if present is sectorially limited to the area of
their insertions. Table 2 compares diagnoses and typi-
cal echographic findings for the main sign "red eye".
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Spontaneous cavernous sinus fistula  26
Traumatic cavernous sinus fistula  9
Orbital pseudotumor ± involvement of
extraocular muscles   21
Episcleritis     5
Brawny scleritis    3
Graves' orbitopathy   5
Aseptic thrombosis of orbital veins  4
Idiopathic dilatation of episcleral veins  5
Conjunctival nevus   2
Ciliary body melanoma   3
Metastatic bronchial carcinoma to the
ciliary body    1
Tolosa-Hunt syndrome   2
Osler disease    1
Sturge-Weber syndrome    4
Arteriovenous anomaly of the orbit   1
Table 1
Diseases with dilatation of the episcleral 
vessels (n = 93)
Sectorial Vascular Dilatation
Diagnosis      Echographic Finding
Ciliary body melanoma    Evident tumor
Metastatic tumor to the ciliary body  Evident tumor
Scleritis      Widening of sclera and of Tenon's space
Episcleritis      Widening of Tenon's space
Myositis      Widening of the muscle, also at the insertion.  
   Low acoustic reflectivity otihe muscle belly
Circular Vascular Dilatation
Diagnosis      Echographic Finding
Uveitis  Vitreous opacities
Secondary glaucoma due to intraocular tumor Evident tumor
Orbital pseudotumor    Widening of various orbital structures with low  
   acoustic reflectivity
Orbital cellulitis     Widening of various orbital structures with low  
acoustic reflectivity, ± detachment of periosteum,
 sound propagation into perinasal sinuses
Thrombosis of orbital veins The ophthalmic vein or its branches can be echo
 graphically demonstrated, not compressible, not  
 pulsating
Spontaneous cavernous sinus fistula  Ophthalmic vein or its branches demonstrable,
(Red eye shunt syndrome) traumatic   on pressure pulsation, muscles widened
cavernous sinus fistula 
Graves’ orbitopathy     Widening of muscles, high acoustic reflectivity  
  of muscle belly
Idiopathic dilatation at episcleral veins No pathologic findings
Table 2: The red eye. Echographic findings.
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Episcleral vascular dilatations which present
diagnostic difficulties are mainly (in a ration 1:3) due
to congestion. Figure 18 summarizes the etiologic pos-
sibilities of congestive hyperemia; the numbers behind
the diagnosis refer to the location of the lesion as dis-
cussed in the subsequent paragraph.
Most numerous are spontaneous cavernous
sinus fistules (1), which can only exceptionally be
diagnosed before their first radiologic or echographic
examination. An obstacle for outflow may lie in the
superior  orbital  fissure  (2) and will usually be pro-
duced by a tumour or  pseudotumor.  According to the
reports published so far, the impedance for outflow in
idiopathic  episcleral venous stasis lies in the extraoc-
ular  muscles (3).  From  a  theoretical point  of  view
and also according to the published literature, a tho-
racic stasis,   as  it  exists in the superior vena cava syn-
drome,   may   cause  similar  signs  and  symptoms
(4). Conspicuous arteriovenous shunts, as we seen
them in traumatic cavernous sinus fistules (5), can
usually be diagnosed  by  history  and  the  clinical  pic-
ture (Figure  19). Mixtures between active and passive
hyperemia may develop, especially in patients with
inflammatory orbital pseudotumor.
Blurred Disk Margins – Elevation of
the Optic Nerve head
We frequently cannot decide with certainty
whether a disk with blurred margins and slight eleva-
tion represents a pathologic condition or not. If
unequivocal pathologic findings are lacking, it is up to
the examiner to decide how far the diagnostic proce-
dures should be carried. It may be necessary to obtain
neurologic consultations and to perform neuroradio-
logic investigations, including an MRI. On the other
hand, after weighing the cost-benefit ratio and the risk
of some side effects, the investigator may rely on his
clinical acumen and decide that the condition only
represents a variant of the norm.
Figure 19:  Clinical picture and echographic findings in a case of trau-
matic cavernous sinus fistula. a) Marked chemosis after acute deteri-
oration of a traumatic fistula which had been present for years; the pic-
ture shows the patient after numerous attempts to close the fistula by
embolization. b) Widening of the ophthalmic vein to about 8 mm (V);
upon pressure there is a  collapse of the vessel synchronously with the
pulse.
Figure 20: Blurred disk margins – elevated optic nerve head.
Differential diagnostic contributions of echography (explanations: see
table  3).
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Figure 18: Possible causes of stasis hyperemia (explanation in the
text)
142
Diagnosis      Echographic Finding
Pseudopapilledema in hyperopia (1)  Short axial length, widened ocular wall
Disc drusen (2)     Structures of high acoustic reflectivity in the  
    area of the optic nerve head (independent  
    from the degree of calcification)
Ocular hypotony     Widening of ocular coats, occasionally with  
   choroidal detachment
Posterior scleritis (3)    Widening of ocular coats, Tenon’s space  
   demonstrable
Optic neuritis (4)     Widening of dural diameter (always found in  
   diskedema, present in 70% of eyes with  
   retrobulbar neuritis)
Optic disk edema (5)    Widening of dural diameter
- Due to increased intracranial pressure
- Due to compression of the orbital part
    of the optic nerve 
Optic nerve tumors
- Meningioma (6)     Widening of dural diameter 
   (opticociliary shunt vessels)
- Glioma (7)      Widening of dural diameter, occasionally  
   spindle-shaped thickening of optic nerve
- Metastatic carcinoma (8)    Widening of dural diameter 
Blurred disk margins without
echographically demonstrable changes
- Congenital disk anomalies
- Central vein occlusion
- Anterior polemic optic neuropathy
Table 3
Blurred disk margins – elevated optic nerve head. Echographic
contributions to the differential diagnosis (numbers behind the 
diagnosis refer to the location of lesion in figure 20.
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Echographic examinations make it possible to
support  the  clinical  impression to a certain extent
and to  delineate  somewhat  the  diagnosis  of  blurred
disk margins.  Figure  20  in  association  with  Table  3
facilitate in a schematic form the correlation between
clinical and echographic findings.  Examples are given
in Figures 21, 22, 23 and 24.
Figure 21: a,b) Comparison of the A- and B-echograms of the orbits
in a patient with acute retrobulbar neuritis. The dural diameter of the
involved optic nerve is 4,7mm. On the uninvolved side the diameter is
2,8mm on the available cross section. Upon temporal examination
with maximal abduction of the globe, the ultrasound encounters the
optic nerve nearly vertically. c) Schematic drawing.
143
114
Diagnostic and Imaging Techniques in Ophthalmology
Figure 24: CT scan of a patient with bilateral drusen of the optic
nerve. On the left, the drusen lie in the cross section; on the right, they
are barely visible because they are only partly encompassed.
Figure 22: Marked widening of the subarachnoidal space
in chronic papilledema. If the optic nerve head has become
atrophic, a dilated dural diameter represents an important
proof that the intracranial pressure is still elevated. a)
Normal dural diameter (5,0μs corresponds to 4,0mm). b)
Markedly dilated dural diameter (7,0μs corresponds to
5,6mm).
Figure 23: a-d) Meningioma of the optic nerve sheath. Echographically,
the dural diameter is widened to about 10mm, both on A- and B-echog-
raphy (arrows). The optic nerve is surrounded by a tumor envelope
which shouws low acoustic reflectivity. Cilioretinal shunt vessels on the
optic nerve head associated with an echographically increased dural
diameter can be regarded as pathognomonic for a meningioma of the
optic nerve sheaths.
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Diagnosis         Number of Patients
Hyperopic Eye   17
Macular degeneration  12
Ocular hypotony   12
Posterior scleritis   9
Buckling operation   9
Trauma    6
Intraocular tumor   3
Miscellaneous   10
Total     78
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Choroidal Folds
In the older literature choroidal folds were
always interpreted as a sign of an orbital space-occu-
pying lesion[51, 52]. They are typically horizontal folds
and rarely extend beyond the equator. Fluorescein
angiography allows an exact differentiation between
retinal and choroidal folds [53, 54]. Newell was the first to
express  some  critical comments on the above inter-
pretation [55]. Reports appeared in the literature
describing intraocular diseases or scleritis, producing
a comparable ophthalmoscopic picture [56-58]. Our  own
examinations [59] show that during a longterm follow
up, the pathologic ophthalmoscopic findings may dis-
appear and  the  associated  refractive errors may
return to normal values. Verbeek [60] summarized, on
the basis of literature review complemented by his
own findings, the  importance of echography for the
differential diagnosis.  Analyzing  167  patients, he
found an ocular  cause  in  46  of them; in 26, an orbital
lesion, and in 17, an atypical papilledema was diag-
nosed.  No  definite diagnosis  could  be  established
in  11 patients (Tables 4-6;  Figure 25).
Diagnosis         Number of Patients
Graves orbitopathy   11
Sinusitis    5
Mucocele    2
Hemangioma   6
Orbital pseudotumor  5
Various orbital tumors  8
Unexplained    6
Total     43
Table 4
Choroidal folds. Orbital causes (after Verbeek)
Table 5
Choroidal folds. Ocular causes
Diagnosis      Echographic Finding
Myositis, Graves' orbitopathy (1)   Thickened extraocular muscles
Periorbital space occupying lesion (2)  Change in the relief otthe orbital wall, sound  
    propagation into perinasal sinuses
Orbital neoplasma(3)    Directly evident (it maybe difficult to 
   demonstrate a small cavernous 
   hemangioma because of its high
   acoustic reflectivity)
Inflammatory orbital pseudotumor (4)  Widening of normal orbital structures, 
   low acoustic reflectivity, Tenon's space may 
   be demonstrable
Disk edema (5)     Widened dural diameter of the optic nerve
Axial hyperopia (6)     Axis length below 22 mm, ocular coats 
   concentrically thickened
Ocular hypotony (7)     Ocular coats concentrically thickened
Macular degeneraron    Thickening of the ocular coats in the area of  
   the macula, high acoustic reflectivity
Scleritis (8)      Circumscribed widening of the ocular coats,  
   Tenon's space demonstrable
Table 6: Choroidal folds. Echographic findings.
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Leukokoria
Whenever we diagnose leukokoria, a
retinoblastoma has to be excluded.  Figure 26  and
table  7  illustrate and list the differential diagnostic
help given by echography.  Examples are given in
Figures 27-30.
Figure 25: 34-years old patient with pain induced  by ocular movements, hyperopic shift (3 dpt) and reduction of visual acuity (0,4). a)
Fundusphotography. Marked retinal/choroidal folds at the posterior pole. b) B-scan ultrasound: massive thickening of ocular coats, widening of
Tenons’ space and fluid accumulation around the superior oblique muscle. c) Schematic drawing: clinical findings improved after systemics
steroid treatments. Despite full clinical regression infiltration of Tenons’ space remained visible by ultrasound for several weeks. There is no recur-
rency for at least five years.
Figure 26: Leukokoria – echographic contributions to
the differential diagnosis (explanation: see table  7).
The Axial Length Normal for Patient’s Age
Diagnosis      Echographic Finding
Retinoblastoma (1)     Widening of the ocular coats, extremely high  
    acoustic reflectivity, shadowing effect,  
    atypical findings posible
Congenital cataract (2)    Increased reflectivity from the posterior lens  
   surface, vitreous space empty, ocular coats  
   normal.
Shortened Axial Length
Diagnosis      Echographic Finding
Retinopathy of prematurity (3)   In stages IV and V, beginning or complete  
    traction detachment (normal echographic  
    findings in stages I-III)
Persistent hyperplastic primary vitreous (PHPV) (4) Dense strand of tissue between optic nerve head  
 and posterior lens pole; formes frustes may
 occur (posterior or anterior PHPV)
Retinal anomalies Membranes in the vitreous, atypical detachment,  
   which in part appears solid (no typical echogram)
Fundus coloboma (5)     Directly demonstrable protrusion of ocular coats,  
  sometimes with orbital cyst (microphthalmus with
  cyst)
Coats’ disease (6)     Floating crystals in the vitreous and subretinal space  
 (fast flickering spikes on A-mode)
Table 7
Leukokoria. Echographic findings helpful for 
differential diagnosis (numbers  behind the diagnosis refer
to the location of the lesion in figure 26)
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Figure 27: Extensive retinoblastoma. a) In cross sectional echograph-
ic images the tumor is characterized by areas of high acoustic reflectiv-
ity alternating with areas of low reflectivity. b) The difference in reflec-
tion can be quantified on A-mode echography: calcified parts of the
tumor (K) have markedly higher amplitudes than the sclery (S). c) in
a CT scan the calcified parts of the tumor can be identified with greater
certainty than in a plain X-ray picture. d) Schematic drawing. e)
Already under loupe magnification the heterogenous structure of the
tumor with calcium deposits can be recognized. These structures
explain the nearly pathognomonic echogram. Tumor invasion on the
anterior optic nerve can be echographically demonstrated only excep-
tionally by widening on the dural diameter (NO = optic nerve, R =
retinoblastoma).
Figure 28: a) Small retinoblastoma (elevation 3mm) with circum-
scribed calcium deposits. Even small tumors may show calcium
deposits due to rapid tumor growth. These deposits are especially well
demonstrable in linear amplification. b) Schematic drawing.
Figure 29: Circumscribed, strongly reflecting retinal detachment in
Coats’ disease. a) Clinical photo. b, c) The strongly reflecting mem-
brane in association with floating opacities in the subretinal space
corroborates the diagnosis.
Figure 30: Choroidal osteoma. a) Right fundus of a 9-year-old girl.
Vision at the time the photo was taken 0,8. A yellow-brown, space-
occupying lesion covers the posterior pole of the globe.
Ophthalmoscopically, it is hardly elevated. It surrounds the optic
nerve head like a pair of pincers. b)Cross sectional echogram of the
choroidal osteoma shown in a: in this echogram the lesion is character-
ized by total reflection of the ultrasound, and shadow formation. An
Elevation cannot be unequivocally documented. c) Schematic drawing
d) With reduced amplification it is possible to image the ossification as
an isolated signal. The horizontal diameter is 11,0mm. e) Schematic
drawing.
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Vitreous Hemorrhage
An acute vitreous hemorrhage will nearly
always lead the patient to the ophthalmologist. As dis-
cussed, echography is the method of choice to evaluste
the situation and to estimate the prognosis. Entoptic
functional tests can complement the echographic find-
ings. Figures 31 and  Table  8 summarize the most
important differential diagnoses .  Examples are given
in Figures 32-35.
Figure 31: Vitreous hemorrhage – echographic contributions to deter-
mine the pathogenisis (explanation: see table  8)
Diagnosis     Echographic Finding
Symptomatic posterior vitreous detachment (1) Thickened detached posterior hyaloid membrane, 
 occasionally beginning retinal detachment
Recently formed retinal break with torn vessel (2) Blood-covered vitreous strands converge toward  
 the retinal break; occasionally a high floating 
 operculum may be detected
Proliferative retinopathy (3)    Strands or membranes extending from the optic  
 newshead or the posterior pole, high acoustic
 reflectivity
Terson syndrome (vitreous hemorrhage after  Vitreous opacities in front of the optic nerve head 
subarachnoidal bleeding) (4) or behind the detached vitreous
Disciform macular degeneration (5)   Widening of the ocular coats in the macular area,  
 high acoustic reflectivity, vitreous strands  
 extending fromthe macula
Choroidal melanoma (6)    Biconvex thickening of the ocular wall, low acoustic 
 reflectivity, sometimes washroom-shaped.  
 Accompanying retinal detachment distant from
 the tumor
Table 8: Vitreous hemorrhage. Echographic findings helpful for 
establishing the etiology (numbers behind the diagnostic refer to the 
location of the lesion in figure 31).
Figure 32: a, b) Conspicuous bleeding into a synergetic vitreous. A
static picture may give the impression of a solid lesion. After a few
hours the opacities usually accumulate in the lower aspect of the vit-
reous cavity. c) Schematic drawing.
Figure 33: a) Extensive bleeding from a disci-
form macular degeneration the presence of
which was known. The bleeding disseminates
onto the ocular coats and the formed vitreous.
The retrovitreal space is already clear because of
its high fluid exchange. b) Schematic drawing.
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Examination before a Vitrectomy
Still in the 1980-years echography was the
decisive examination to determine the indications for
vitreous surgery. Further developments of surgical
methods, especially the advances in illumination tech-
nique, prove that the surgeon may not need a detailed
knowledge of the conditions within the vitreous body.
A few findings which can only be obtained echograph-
ically are still important to estimate prognosis and
risks of an operation. Figure 36 and  Table 9  list some
of the possible echographic information and the subse-
quent conclusions as far as the operative plan is con-
cerned.  Examples are given in Figures 37-40.
Figure 34: a, b) Long-standing retinal detachment with
floating opacities in the subretianl space. The densifica-
tions in the vitreous space indicate a tendency for shrink-
age. c) Schematic drawing.
Figure 35: a) Total retinal detachment
in an eye with extensive disciform
macular degeneration. Beneath the
completely collapsed retinal leaves,
heterogenous, partly strongly reflect-
ing thickened ocular coats can be
observed. b) Schematic drawing.
Figure 36: Examination before a vitrectomy – echographic contribu-
tions to the planning of the operation (explanation: see table 9).
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Figure 37: Schematic presentation of A- and B-mode echographic cri-
teria for the choroidal melanoma. 1- Stongly reflecting retinal surface.
2- Spike with similar amplitude from the tumor surface. 3-6 – Signals
from inside the tumor which can be used to characterize the type of
neoplastic tissue. 3 – Strong reflectivity produced by the dilated ves-
sels  in  the  part  of  the tumor lying in front of Bruch’s  membrane.
4 – Flickering spikes on A-mode, produced by blood flow. 5 –Scleral
spike. 6 – Extraocular tumor growth with reflectivity. 7 – Orbital fat
showing high reflectivity. 
Questions on the Echographic Examination Consequences for Planning the Operation
Choroidal detachment including the pars plana? (1) Avoiding this area when inserting the ports
Post-traumatic vitreous hemorrhage, retina attached? If retina detached, strong indication for vitrectomy
Intraocular foreign body demonstrable? Choice of surgical approach: magnet extraction
Location in regard to ocular coats (2) possible?
Estimating the Prognosis
Choroidal detachment caused by blood (3) Extremely poor prognosis; perhaps even abandon the
operation
Free-floating retinal detachment (4) Reattachment probable, can be achieved without
tamponade from the inside
Rigid retinal detachment? Thickened retina? (5) Removal of preretinal membranes necessary
Vitreous strands with traction effect demonstrable? (6) Cutting the strands
Retinal parts behind the lens? (7) Special care indicated when entering the vitreous space
Thickened ocular coats in the macula Poor prognosis for central vision 
(disciform degeneration?) (8)
Indications of a secondary, e. g., solid, Additional diagnostic examinations; enucleation may be
retinal detachment? (9) necessary
Attached retina with minimal remaining vision? Reconsider indication for operation; prognosis for vision
extremely poor
Table 9
Examination before a vitrectomy. Echographic findings helpful for planning the
operation (numbers behind the questions refer to the location of the lesion
in figure 36.
Figure 39: Extensive choroidal
hemangioma in Sturge-Weber syn-
drome (additional finding: total reti-
nal detachment). a) Cross sectional
echogram through the area of the optic
nerve head. In the lower quadrant the
ocular coats are markedly thickend.
(In spite of the associated retinal
detachment, the intraocular pressure
was 50mmHg by applanation). b)
With reduced sensitivity, the scleral
surface can be delineated in spite of
the high acoustic reflectivity  within
the  tumor (distance of measuring
marks 3.1mm). c) Histologic section
through the tumor illustrated in a
and b: The septa of the cavities are
thin and lined with endothelium.
They produce strong reflectivity with-
in the lesion. d) Schematic drawing.
Figure 38: Extensive choroidal metastatic tumor in the lower nasal quad-
rant. a) On  the echogram  the choroids is widened to  about  2,5mm;  the
retina is partly detached  by an exudates. The tissue inside the metastat-
ic tumor shows high acoustic reflectivity.  b) Histologic section of a
metastatic adenocarcinoma in the choroids. The gland-like structure pro-
vides good acoustic interface.c)Schematic drawing.
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Diagnosis       Echographic Findings
Pseudoexophthalmus (1)     Myopic globe, flat orbit
Vascular exophthalmus (2)     Branches of the ophthalmic vein demonstrable
• Spontaneous or traumatic cavernous sinus fistula  Venous branches pulsate on pressure
• Thrombosis of orbital veins      Noncompressible venous branches demonstrable
Myogenic exophthalmus (3)     Widening of the recti muscles (differential diagnosis: 
 Graves' orbitopathy, myositis, lymphoma, metastatic
 carcinoma, carotid-cavernous sinus fistules)
Neoplasms (4)       Space-occupying lesion separated from orbital fat,
 varying acoustic reflectivity
Inflammatory infiltration (5)     Widening of pre-existing orbital structures, homoge-
 neous acoustic properties. Tenon's space
demonstrable
Exophthalmus caused by space occupying lesion extending Changes in the contour of the orbital walls, detach-
from the surroundings (6)     ment of periosteum, sound propagation into the
 perinasal sinuses
Exophthalmus
Before CT and MRI was introduced, echogra-
phy was the only diagnostic method which enabled us
to examine soft tissue pathology in the orbit. Ossoinig
and Till, in particular, contributed to the value of
echography for the preoperative differential diagnosis
of orbital lesions[18]. However, it seems dubious
whether it is reasonable to delineate – as some authors
have attempt to do – 80 different pathologic processes
involving the orbit by echographic findings. When a
malignant space-occupying lesion is suspected, a his-
tologic examination will be necessary in all doubtful
cases in order to ascertain a correct diagnosis.
Speculations about the benign or malignant nature of
a lesion on the basis of echographic findings are of lit-
tle help.
We attempt here to present a classification
which enables the examiner to use the echographic
diagnosis as a filter to separate thoses disease process-
es in which the echographic examination can ascertain
the diagnosis from pathologic processes in which
other diagnostic examinations, usually by other med-
ical specialists, will be necessary. Figure 41 and  Table
10 correlate the most frequent causes of exophthalmus
with the echographic findings (the numbers behind
the diagnoses indicate the location of the lesion as
shown in Figure 41). Patients with pseudoexophthal-
mus may be diagnosed by measuring the refractive
error of the affected eye, but they can be definitely rec-
ognized echographically.
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Figure 40: a)
Cross sectional
echogram of a cir-
cumscribed
choroidal heman-
gioma in a 12
year old boy. The
tumor has an ele-
vation of 4 mm. 
b) In an A-mode
echogram with
S-shaped amplifi-
cation the cross
sectional picture
corroborates the
high reflectivity of
the tumor. c) On
Doppler sonogra-
phy (Duplex
scanner ATL
MARK 8), we see
blood circulating
within the tumor,
synchronous with
the pulse. The
illustrated veloci-
ty profile speaks
for a relatively
low resistance by
the blood vessels
Figure 41: Exophthalmus – echographic 
contributions to differential diagnosis 
(explanation: see table 10).
Table 10: Exophthalmus. Echographic  findings  
helpful  for  differential diagnosis.
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The various types of vascular exophthal-
mus can be echographically differentiated up to a
certain degree. In our experience, the entity of
"red eye shuntsyndrome", the spontaneous dura
cavernous sinus fistule, has so far been diag-
nosed too sparingly. The diagnosis can be regard-
ed as certain if we find a combination of a slight-
ly elevated intraocular pressure, a red eye and
veins that pulsate on pressure. The condition
occurs mainly in older patients and has, with few
exception, a good prognosis with a good chance
of spontaneous healing [61]. In the individual
patient we have to consider whether angiogra-
phy would not constitute an unjustifiably high
risk.
The differential diagnostic conditions of a
myogenic exophthalmus are listed in Table 10.
The clinical picture including laboratory work-
up, will usually allow a definite diagnosis. A CT scan
or MRI is often unnecessary.
Cysts, especially those associated with
microphthalmus, are usually congenital and need no
further diagnostic test or treatment if they cause no
signs or symptoms. Dermoids do not always appear
echographically as true cysts because the varying com-
ponents have different acoustic reflectivities. In case of
doubt, a CT scan will help to characterize and diag-
nose these space-occupying lesions because of their fat
content.
Echography alone will not suffice if there is an
involvement of periorbital structures. In these cases,
we need other methods to image soft tissues for diag-
nostic purposes in order to evaluate the pathologic
process affecting adjacent structures. The treatment is
often provided by nonophthalmologists.
The inflammatory exophthalmus usually pres-
ents a differential diagnostic problem. We first have to
exclude a propagation of the inflammation from the
perinasal sinuses by using other diagnostic proce-
dures. It then has to be decided individually whether
a working diagnosis of orbital pseudotumor is justi-
fied and whether such a diagnosis can be ascertained
by a trial run of systemic treatment with corticos-
teroids.  In case of doubt, a histologic clarification will
be necessary.
A CT scan is indispensable when an orbital
neoplasm needing as surgical intervention is suspect-
ed. With the exception of the cavernous hemangioma,
which, due to its internal structure, provides a nearly
pathognomonic echogram, the ultrasonic differential
diagnosis remains speculative.
Space-occupying lesions of the lacrimal fossa
need, independent from the echographic findings, a
therapeutic approach which is mainly guided by clini-
cal and radiological parameters. Wright (1984) has
published a schematic orientation for this purpose
(Figures  42-46).
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Figure 42: Space-occupying lesions of the lacrimal gland (from
Spalton and Wright in: Spalton, DJ, Hitchings RA, Hunter PA. Atlas
der Augenkrankheiten; Thieme Verlag, Stuttgart 1999).
Figure 43: a-c) Mucocele of the frontal sinus in a 72-year-old man,
eight years after an impression fracture of the frontal bone.
Echographically, this condition is characterized by a smooth protru-
sion of the orbital roof with sound propagation into the frontal sinus,
which is filled with secretion. Frequently, we can obtain a slight defor-
mation of the tumor by pressing on it with the transducer.
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Figure 44: a-d) Lymphoma of the orbit, involving Tenons’s space. The
tumor can be seen beneath the conjunctiva extending into the muscle
cone.
Figure 45: a, b) Pronounced Graves’ orbitopathy with symptoms for
the preceding 12 months. The muscle can be delineated from the
orbital fat only with difficulty; the muscle thickness is about 6,0mm
(medial rectus) and 7,8mm (inferior rectus). c) Schematic drawing
Figure 46: Small cavernous hemangioma in the muscle cone. a) A
suitable gray scale with logarithmic representation delineates the
tumor clearly from the surroundings also on B-mode. b) The diagno-
sis is corroborated by the characteristic sound attenuation with linear-
ly decreasing internal echoes when the S-mode amplification is used
for A-mode. c) Schematic drawing.
Deficits in Ocular Motility
Deficits in ocular motility can be analyzed by
diagnostic methods revealing the soft tissue of the orbit
whenever the cause of the deficit lies in the orbit itself.
Neurogenic lesions cannot be imaged echographically.
In our experience, echographic examinations are only of
limited help when evaluating posttraumatic motility
deficits. We are, however, capable of differentiating
between lesions within and outside of the muscle[62].
Figure 47  and  Table 11  list the most frequent echo-
graphically demonstrable etiologic factors.
If an enlarged muscle has been found, we have
to decide whether loss of effective contraction or loss
of stretchability is the cause of reduced activity of the
involved muscle. If only one muscle is affected, the
answer to the question is simple. In doubtful cases, we
have to consider the concept of common visual axes
between the two eyes. Whenever one muscle cannot
be normally stretched, contraction of the antagonist
will press on the globe and therefore increase the
intraocular pressure, depending on the direction of
gaze. Table 12 lists the correlation between possible
muscle widening and the expected ocular motility
deficits. Unequivocal statements can only be made
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Figure 47: Orbital causes of disturbed ocular motility –
echographic contributions  to  the  differential diagnosis
(explanation: see table 11).
Diagnosis      Echographic Findings
Widened extraocular muscle (1)    Myositis: Low acoustic reflectivity of muscle belly; insertion
 also widened
       Graves’ orbitopathy: Muscle belly with strong acoustic
 reflectivity; in protracted course muscle can barely be
 differentiated from orbital fat
       Metastatic carcinoma
       Lymphoma
       Cavernous sinus fistula
Extension of a pathologic process (2)   Purulent sinusitis, tumor invasion
Expanding orbital  process (3)    E.g., hemangioma, neurinoma  
Table 11
Orbital causes of decreased ocular motility. Echographic findings helpful for
the differential diagnosis (numbers behind the diagnosis refer to the location 
of the lesion in figure 47).
Diagnosis  Motility Defect
    Decreased Stretchability Decreased Contractility
Graves’ orbitopathy +  (+) in late stages
Idiopathic myositis +   (+)
Metastatic carcinoma +   (+)
Lymphomatous infiltration  (+)  +
Muscle involvement in orbital cellulitis (+)  +
Muscle edema in circulatory disorders   (+)   (+)
Table 12
Widened extraocular muscles. Correlation between 
etiology and expected motility defect.
about "Graves orbitopathy: whenever there is a motil-
ity deficit in the disease, we always find a loss of
stretchability of the involved muscle. In late stages the
contraction capability of the muscle is further
decreased by the atrophy of normal muscle fibres
which are replaced by connective or adipose tissue. In
the literature idiopathic myositis is nearly exclusively
associated with decreased contractility[63]. According to
our examinations[64], this narrow correlation does not
exist. In more than 50% of such patients there is prima-
rily a loss of stretchability of the affected muscles. If
the area of the cavernous sinus is also involved
(Tolosa-Hunt syndrome), we primarily find neuro-
genic deficits. Metastatic tumors to the muscles may
produce both kinds of motility deficits. In our experi-
ence a loss of stretchability is more frequently seen[64].
In cases of bacterial infection the contractility
of the muscle will be decreased, even if the muscle
itself is only slightly enlarged.
Circulatory disorders, e.g. cavernous sinus fis-
tules or thrombosis of the orbital veins, will usually
produce a mixed picture with reduced contractility
and stretchability.
Expanding space-occupying lesions may have
a mechanical effect on ocular motility without directly
invading the muscle. This applies especially to intraoc-
ular lesions. In these cases the intraocular pressure will
nearly always increase in certain directions of gaze. If
this sign is absent, we should consider a neurogenic
component of the decreased motility.
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Anterior Segment Space
Occupying Lesions
The ultrasound biomicroscopy is able to detect
anterior segment space occupying lesions. Examples
for application are anterior segment tumors (iris
tumors, ciliary body tumors, cysts, peripheral
choroidal tumors and lymphoma) as well as trauma.
Pavlin and Foster3 have discussed this in detail.
Figures 48 and 49 show two examples using the con-
ventional two-dimensional technique as well as
Figures 50-52 using 3D ultrasound biomicroscopy 41.
Figure 48: a) Slit lamp photography. b) UBM: Solid space-occupying
lesion in midperipheral iris respecting integrity of the iris pigment
epithelial layer. c) Schematic drawing.
Figure 49: Measurement of iris neoplasia. a) UBM, radial section
(tumor diameter 2,6mm, tumor thickness 1,9mm). b) UBM, meridion-
al section (tumor diameter 2,6mm, tumor thickness 1,9mm).
Figure 50: 3D-reconstructed volume of the iris sphincter defect, zonu-
lolysis and prolaps of the vitreous body after contusion bulbi after 3D
UBM.
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Chamber Angle Abnormalities of
Questionable Origin 
Ultrasound biomicroscopy can be used to
image various structural chamber angle abnormalities
of the anterior segment. The method is usually able to
determine the mechanism of elevated intraocular pres-
sure (angle closure versus open angle) showing the
relationship between the peripheral iris and the tra-
becular meshwork. Strong correlation between gonio-
scopic and UBM findings of angle configuration has
been established. In addition, imaging of the anterior
segment structures is possible even in eyes with sever-
al corneal edema that precludes gonioscopic assess-
ment of the angle. In open-angle glaucoma, UBM can
be used to measure the anterior chamber angle in
degrees, to assess the configuration of the peripheral
Figure 51: 3D-reconstructed volume of the iris naevus in 3D UBM 
Figure 52: A view into the volume of cysts of the iris and ciliary body
in 3D UBM and the clinical picture.
Figure 53: Measuring lines after Pavlin (left) to characterize iris
convexity/concavity following a suggestion of Potash (right).
Figure 54: Pigmentary dispersion syndrome. Figure 55: Secondary pupil block.
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iris, and to evaluate the trabecular meshwork. The
angle configuration can be graded (Figure 53) and
compared with gonioscopic findings.
In certain patients with open-angle glaucoma,
UBM can provide additional diagnostic information.
For example, in pigment dispersion syndrome UBM
typically reveals posterior bowing of the peripheral
iris (Figure 54). In plateau iris syndrome UBM usually
reveals abnormally steep anterior angulation of the
peripheral iris, insertion of the iris from the anterior
ciliary body, and retroiridic projection of the ciliary
processes. In eyes with peripheral anterior synechiae,
UBM can reveal the extent of iridocorneal adhesion
even if by opaque and hazy cornea. In eyes with a nar-
row angle (Figure 55), UBM shows the extent of angle
closure, reveals the depth of the anterior and posterior
chambers, and identifies pathologic processes pushing
the lens and iris forward UBM is been able to differen-
tiate between primary angle closure i.e., cases of angle
closure without additional pathology responsible for
the anterior lens-iris displacement and secondary
angle closure due to processes such as lens swelling
and dislocation, massive hemorrhagic retinal detach-
ment pushing the lens and iris anteriorly and multiple
neuroepithelial cysts of the iridociliary sulcus.
Accommodative Artificial Intraocular
Lenses – Contributions of
Ultrasonography
The fundamental idea of some approaches to
achieve potentially accommodating IOLs is to allow
an axial displacement of the IOL optic. In author’s
laboratory the haptic regions of the Akkommodative
1CU  and the CrystaLens AT-45 were scanned in the
simulation model during different accommodative
states. These in vitro results were correlated and used
to describe the in vivo condition in four patients with
accommodative implants.
The biometric analysis of high-frequency
sonographic images becomes difficult if the informa-
tion from only one A-scan section is possible.
Regarding the analysis of haptic configurations, unde-
fined tilting effects can falsify biometric measure-
ments. The three-dimensional ultrasound biomi-
croscopy[24] combined with a powerful volume render-
ing software provides features such as volume orienta-
tion for viewing planes and three-dimensional per-
spectives. These features include an auxiliary tool for
identification and biometric analyzing of the haptic
configuration with minimized tilting effects (Figures
56 and 57).
Figure 56: Photograph and three-dimensional ultrasound biomi-
croscopy image and B-scan of the 1CU in the artificial silicone capsu-
lar bag (CB). Abbreviations:  O = optic, # = fulcrum, H = haptic,  and
* = haptic ridge.
Figure 57: Photograph and three-dimensional ultrasound biomi-
croscopy image and B-scan of the CrystaLens AT-45 in the artificial
silicone capsular bag (CB). Abbreviations: O = optic, # = fulcrum,
H = haptic, and * = polyimide construction.
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Streching  Device
For analysis of the IOL performance, an artifi-
cial capsular bag was mounted in a simulation device
The arms of the fixture clamp the bag around its
periphery at eight points. Rotation of the inner ring
stretches or relaxes the bag. Inner ring rotation is
accomplished by a stepping motor driving a worm
gear. The amount of  stretching correlates with the
rotation of the inner ring. The entire arrangement is
submerged in water for sonographic imaging.
In Vitro results: 1CU
The posterior chamber lens 1CU was exam-
ined. Theoretically, a contraction of the ciliary muscle,
thus a relaxation of the zonules, leads to a relaxation of
the capsular bag. The haptics turn and produce an
anterior axial shift according to the modified force
ratio in the haptic region. Our simulation experiments
show  a similar effect during capsular bag relaxation.
A 0.5-mm change in r was used for maximal relax-
ation/stretching. With this unphysiological and unex-
pected amount of relaxation in humans, a 0.36-mm
anterior shift was observed for the 1CU caused by a
haptic 10.4° angulation change. Using a 50-year lens
and the linear regression of Strenk for the ciliary body
displacement, a 0.25-mm ciliary body displacement
can be assumed. A 0.28-mm anterior IOL shift and an
angulation change of 4.3° was observed. For this lens,
the theoretically predicted 30° haptic angulation
change for 1-mm axial shift could not be achieved
(Figures 58 and 59). 
Figure 58: A-C) B-scan series exemplifying the stretching experiment.  
Abbreviations: O = optic, PC = posterior capsule, H = haptic, AC = anterior capsule.
Figure 59: Change in angulation (left) and axial IOL movement (right) by lens type showing the
effect of equatorial stretching respectively relaxing. 
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In Vitro results: AT-45
In  the  in  vitro model, a maximal forward
shift of 0.50 mm (9.3° haptic angulation change) for the
AT-45 lens was observed using the maximal radius
change of 0.5 mm. For 0.25-mm radius change as the
expected value for the 50-year lens, an axial shift of
0.33 mm  with 4.5° angulation  change  was  found. In
our model,  equatorial  changes   can  be  simulated,
but  vitreous  pressure  variations  cannot be simulat-
ed.  Regarding  the axial shift, the AT-45 performed
0.14 mm better compared to the 1CU for 0.5-mm  radi-
al displacement. 
In Vivo situation: 1CU
Figure 60 shows a three-dimensional recon-
struction and the image analysis of the 1CU haptic
region. Changes in angulation and ΔACD by four dif-
ferent individuals show the effect of cyclopentolate
and pilocarpine 4 months postoperatively. In disac-
commodation, a haptic angulation between 2° and 4°
caused by capsular bag shrinkage and secondary
cataract formation is visible. This could mean that a
haptic  angulation  is  already  present  in the disac-
commodated state. In the cases studied, pilocarpine
induced  an additional angulation variation between
5° and  10° for  the 1CU IOL, which causes a change
in anterior chamber depth between 0.2 and 0.5 mm.
Using Gullstrand’s eye model, this 0.2-mm forward
movement  results  in  a refraction change <0.38 D
(0.95 D for 0.5 mm of movement), depending on exact
IOL position. These found ΔACD values are smaller
than the findings of Langenbucher et al. [65]. A mean
ACD decrease of 0.78 mm (0.49 to 1.26 mm) using the
IOL-Master and 0.63 mm (0.34 to 1.12 mm) was found
using ultrasound biometry after pilocarpine (6 months
postoperatively). Our findings are in agreement with
the results of Findl et al. [66, 67]. Using partial coherence
interferometry, Findl et al found a moderate forward
movement under pilocarpine with an induced mean
accommodative amplitude of 0.50 D. 
In Vivo situation: AT45
The angulation depending on
the of the accommodation state
could be distinguished and
analysed (Figure 61). In-vivo, a
mean change in haptic angula-
tion 3.3 ± 3.3° (range 0° to 7°) and
a mean forward shift of 0.13 ±
0.08 mm (range 0.05 to 0.2 mm)
was observed for the AT-45 using
pharmacologically induced
accommodation. An accom-
modative amplitude of mean
0.44 ± 0.24 diopters (range 0.25 to
0.75 D) was found using a
Hartinger coinicidence refrac-
tomter. Conclusions: Minimal
angulation changes and axial
movements of the AT-45 have
been demonstrated using phar-
macological stimulation and
objective measurement methods.
The mechanical performance of
the  AT-45 in the eyes studied does not appear to be
sufficient to provide the range of accommodation nec-
essary for close work.
Figure 60: Three-dimensional reconstruction and C, D) image analy-
sis (with design drawing) of the 1CU haptic region in a 75-year-old
patient 4 months postoperatively (disaccommodation). A 6° haptic
angulation compared with the relaxed IOL condition is observed.
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Axial Shift Principle - Conclusion
Three-dimensional ultrasound biomicroscopy
provided information on the accommodative perform-
ance of these potentially accommodative IOL designs.
Using three-dimensional ultrasound biomicroscopy,
corresponding changes in haptic angulation during
pharmacological induced accommodation were
observed. Pilocarpine-induced ciliary muscle contrac-
tion caused a change in haptic angulation and an ante-
rior shift, which resulted in approximately an estimat-
ed accommodative amplitude smaller than  1 D. The
mechanical performance of the investigated lenses in
the eyes studied does not appear to be sufficient to
provide the range of accommodation necessary for
close work.
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